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ABSTRACT
A d so rp t io n  and movement o f  R. jaoonicum s t r a i n  110 in s o i l s  was 
s t u d i e d  under l a b o r a t o r y  c o n d i t i o n s .  V e r t i c a l  movement o f  r h i z o b i a  
as a f f e c t e d  by p e r c o l a t i n g  w a te r  was examined in sand and s i l t  loam 
s o i l s .  R h iz o b ia  d id  not  move v e r t i c a l l y  when the s o i l s  were a l r e a d y  
a t  f i e l d  c a p a c i t y ;  however,  p e r c o l a t i n g  w a t e r  enhanced the movement.  
S o i l  t e x t u r e  and c l a y  c o n c e n t r a t i o n  a f f e c t e d  the movement o f  
r h i z o b i a .  They moved r e a d i l y  in a sand but  the m i g r a t i o n  decreased  
w i t h  i n c r e a s in g  depth in a s i l t  loam. R h iz o b ia l  movement decreased  
as c l a y  co n ten t  in c rea se d .  The b a c t e r i a  remained in the f i r s t  4 cm 
when 12 V. c l a y  was used.  In  the absence of  p e r c o l a t i n g  w a t e r ,  
r h i z o b i a  t r a v e l e d  o n ly  4 cm w i t h  emerging soybean r o o t s  but  were 
t r a n s p o r t e d  w i t h  w a te r  when i t  was added a f t e r  the in o c u l a t e d  seeds  
were p l a n t e d  in s o i l  columns.
L a t e r a l  movement o f  r h i z o b i a  f o l l o w e d  the w a te r  f l o w  p a t t e r n  as 
i t  moved away from the i n o c u l a t i o n  p o i n t .  The l i n e a r  r e l a t i o n s h i p  
between r h i z o b i a l  number and d is t a n c e  moved i n d i c a t e d  t h a t  v e r t i c a l  
movement was g r e a t e r  than l a t e r a l  movement.
A ds o rp t ion  o f  r h i z o b i a  by s o i l  p a r t i c l e s  was found to  be one of  
the major  mechanisms r e s p o n s ib le  f o r  la c k  o f  movement. A d so rp t io n  
in creased  as p a r t i c l e  s i z e  decreased .  C lay  had a v e r y  l a r g e  
c a p a c i t y  to  adsorb r h i z o b i a .  Montmori1 l o n i t e  adsorbed tw ice  as many 
c e l l s  as k a o l i n i t e  under s i m i l a r  c o n d i t i o n s .  A d s o rp t io n  increased  
as c l a y  co n ten t  in c re a s e d .  A ls o  the a d s o r p t io n  was a f f e c t e d  by
r h i z o b i a l  c o n c e n t r a t i o n .  The number o-f r h i z o b i a  adsorbed increased  
as the r h i z o b i a l  c o n c e n t r a t io n  in c re a s e d .  However] p e rc en t  
ad s o rp t io n  decreased as r h i z o b i a l  c o n c e n t r a t io n  inc rea se d .  
M o n t m o r i l I o n i t e  c l a y ,  s a t u r a t e d  w i t h  N a + } k + ( NH^*,  Ca+2, Mg+2, 
Fe+3,  or £ 1 * 3 ,  caused increased  a d s o r p t io n  as the va len cy  o-f 
s a t u r a t e d  c a t i o n s  increased -from the mono-,  to  the d i - ,  and to  the  
t r i v a l e n t  Fe+ 3 f but  not  Al+3. A d so r p t io n  by m o n t m o r i l I o n i t e ,  
s a t u r a t e d  w i t h  mono-: v a l e n t  c a t i o n s ,  was lower than by the u n t r e a t e d  
c l a y .  A d sorp t io n  by k a o l i n i t e  in c rea se d  when the sur-face was 
s a t u r a t e d  w i t h  the mono- and d i v a l e n t  c a t i o n s .  A d so rp t io n  v a lu e s  
were 7 .5 '/., 15X, 35'/., and 38/£ f o r  r h i z o b i a l  s o r p t io n  by humic a c i d ,  
corn s t a r c h ,  r i c e  s t r a w ,  and ca lc iu m  p h y t a t e ,  r e s p e c t i v e l y .  
A d s o rp t io n s  p re ven ted  the r h i z o b i a  -from moving w i t h  the r o o t ,  thus  
a-f- fect ing nodule - format ion.
INTRODUCTION
N i t r o g e n ,  the most abundant element in the atmosphere,  is  o-f ten 
the s i n g l e  most l i m i t i n g  element -for p l a n t  growth .  The m e t a b o l ic  
a s s i m i l a t i o n  o-f atmospher ic N2 by some microorgan isms i s  known as 
b i o l o g i c a l  N2 - f i x a t i o n .  N i t r o g e n  - f i x a t io n  occurs in t e r r e s t i a l ,  
a q u a t i c ,  and sed im entary  ecosystems under both ae ro b ic  and anaerobic  
c o n d i t i o n s  and c o n s is t s  o-f two major  -forms, sym b io t ic  and 
nonsymbiot ic  N2 - f i x a t i o n .
The concurren t  decrease in w o r ld  -food s u p p l i e s  and energy  
sources f o r  i n d u s t r i a l  manufac ture  o f  N f e r t i l i z e r ,  has s t i m u l a t e d  
an i n t e r e s t  in t h i s  b i o l o g i c a l  system. In  many deve lo p in g  c o u n t r i e s  
the N in s o i l s  is m a in ta in e d  l a r g e l y  by n a t u r a l  processes .  
T h e r e f o r e ,  the Rhizobium -  legume symbiosis  has s t i m u l a t e d  increased  
i n t e r e s t .
Soybeans are cons idered  as one of the most im por tan t  crops in 
the w o r ld  because of  high seed p r o t e i n  c o n t e n t .  Y i e l d  d i f f e r e n c e s  
between soybeans and o th e r  crops are l a r g e l y  due to  t h e i r  high N 
req u i rem en t  ( S i n c l a i r  and D i w i t ,  1 9 7 6 ) .  Seed y i e l d s  of  soybeans  
c o m p le te ly  dependent on N2 f i x a t i o n  a re  o f t e n  le s s  than o n e - h a l f  of  
the y i e l d  of  p l a n t s  u t i l i z i n g  both combined N and atmosp her ic  N2 . 
T h is  i n d i c a t e s  t h a t  the N2~ f i x i n g  system is  not  capable  of  m eet in g  
the N demands f o r  growth ( H a r p e r ,  1 9 7 4 ) .  T h i s  has r e s u l t e d  in 
a t te m p ts  to increase  the e f f i c i e n c y  o f  N2 f i x a t i o n  by improving  the  
b a c t e r i a l  symbiont ,  R. japonicum (M a re r  and B r i l l ,  1 9 7 9 ) .
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Improvement o f  N2  f i x a t i o n  w i l l  r e q u i r e  the i n t r o d u c t io n  of  
"super" s t r a i n s  o f  r h i z o b i a  i n t o  s o i l s .  In  order to  accomplish  
t h i s ,  i n o c u l a n t - r h i z o b i a  must s u r v i v e  under n a t u r a l  s o i l  c o n d i t io n s  
and must e s t a b l i s h  themselves in the s o i l  w i t h  indigenous r h i z o b i a .  
They must a lso  m ig ra te  or be t r a n s p o r te d  to  i n f e c t i o n  s i t e s  on the 
deve lop in g  r o o t s .  I f  t h i s  occurs ,  n o d u la t io n  can occur as a r e s u l t  
of i n o c u l a t i o n .  U n f o r t u n a t l y , poor recovery  r a t e s  o f t e n  occur.  One 
reason is  t h a t  r h i z o b i a l  movement is  su b jec ted  to  f a c t o r s  in the 
s o i l  environment which l i m i t  the numbers which e v e n t u a l l y  invade 
r o o t s .  T h e r e f o r e ,  i t  is  necessary to  develop a b e t t e r  unders tand ing  
of  how they  move in s o i l s .
Reports  in d i c a t e  t h a t  the v e r t i c a l  movement of r h i z o b i a  depends 
on t r a n s p o r t i n g  agents ,  such as w a te r  and earthworms < B a l l ,  1909,  
Madsen and A le xan d er ,  1982 ) .  W ithout  p e r c o l a t i n g  w a t e r ,  on ly  the 
upper p a r t s  of the ro o t  system produced nodules when the r h i z o b i a  
were in o c u la te d  onto the s o i l  s u r f a c e .  When the r h i z o b i a  were 
in o c u la te d  a t  a depth of  20 cm only the deeper ro o t s  were 
n o d u la te d .  I t  was suggested t h a t  r h i z o b i a  d id  not move r e a d i l y  
through the s o i l  <Nobbe aj_ . , 1 89 2 ) .  F r a z i e r  and Fred <1922)  
a ls o  observed t h a t  nodules appeared on the r o o t s  o n ly  w i t h i n  the 
f i x e d  s i t e  of  r h i z o b i a l  i n o c u l a t i o n  in s t e r i l i z e d  s o i l .  The 
v e r t i c a l  movement of Rj. t r i f o l  i i has been r e l a t e d  to  both the amount 
of  w ater  a p p l i e d  to the s o i l  su r fa ce  and the tens ion o f  t h i s  w ater  
in the s o i l  (Harndi, 1971, 1 97 4 ) .  Under s a t u r a t e d  c o n d i t i o n s ,  the 
r a t e  o f  movement was about 2 . 5  cm per 48 to  72 hours .  T h i s  was 
c o n t r o l l e d  by the volume and temperature of the w ater  < F r a z i e r ,  
1 9 2 2 ) .  R e c e n t ly ,  Madsen and Alexander  <1982)  suggested t h a t
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earthworms and d e ve lo p in g  r o o t s  had o n ly  a minor  e f f e c t  on the
v e r t i c a l  d i s t r i b u t i o n  o-f R. Japon icum. however,  movement was
enhanced by p e r c o l a t i n g  w a t e r .
L a t e r a l  or h o r i z o n t a l  movement o-f r h i z o b i a  is  e q u a l l y  impor tan t  
in the n o d u la t io n  p rocess .  Kel le rman  and Fawcet t  <1907) r e p o r t e d  
t h a t  r h i z o b i a  moved l a t e r a l l y  a t  a r a t e  o-f about 2 . 5  cm in 48 hours 
in s t e r i l e  s o i l  s a t u r a t e d  w i t h  w a t e r .  R. t r i - f o l  i i are known to  move 
l a t e r a l l y  a t  a r a t e  o-f about  5 cm a t  h a r v e s t  t ime under - f i e ld  
c o n d i t i o n  <Chatel  et. a l_ . , 1 9 6 8 ) .  Wind and w a te r  may a i d  l a t e r a l  
d i s p e r s io n  o-f R. me! i 1 ot i in - f i e ld s  (Robson and Loneragan,  1 9 7 0 ) .
Movement of  R. t r  i f  ol 1 i among the p l o t s  was due to  the l a t e r a l
movement of  r a i n w a t e r  through the s o i l s  (B rockw el l  ejt, a l_ . , 1 9 7 2 ) .
Chemotaxis was a ls o  co n s id ered  as a f a c t o r  r e s p o n s ib le  f o r  the  
l a t e r a l  movement, in which the r h i z o b i a  m ig ra te d  in chem otact ic
bands.  They were resp o ns iv e  to  some simple  o rgan ic  components from 
r o o t  e xu d ates .  These compounds might  a i d  the b a c t e r i a l  accumula t ion  
in the r h i z o s p h e r e ,  and thus in the n o d u la t io n  process ( H u n t e r ,  
1 9 8 0 ) ,
Adsorp t ion  of  the b a c t e r i a  may be a l i m i t i n g  f a c t o r  in
r h i z o b i a l  m o vem en t .  S o i l  pH ,  c a t i o n  e x c h a n g e  c a p a c i t y ,
e l e c t r o s t a t i c  charge on the p a r t i c l e s ,  c l a y  t y p e ,  h o l d f a s t  m a t e r i a l  
of  the m ic roorgan ism s,  and in o rg an ic  and org an ic  m o lecu les  are  known 
t o  a f f e c t  the movement o f  some b a c t e r i a .  In  s p i t e  of  a l l  of  these
r e p o r t s ,  knowledge on the movement o f  r h i z o b i a  i s  s t i l l  very
l i m i t e d .  The q ue s t ion  of  how R. Jaoonicum moves w i t h  the emerging
soybean r o o t  system in d i f f e r e n t  s o i l s ,  and the f a c t o r s  a f f e c t i n g
t h i s  movement is  s t i l l  u n c l e a r .
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The purpose o-f t h i s  p r o j e c t  was to - further  study the v e r t i c a l  
and l a t e r a l  movement of  R. jaoon icum in two d i f f e r e n t  s o i l s  as 
a f f e c t e d  by p e r c o l a t i n g  w a t e r ;  The i n f lu e n c e  o f  s o i l  t e x t u r e  and 
d a y  c o n c e n t r a t io n  on movement of r h i z o b i a  w i t h  emerging soybean 
r o o t s  and mechanisms in v o lv e d  in the movement were a lso  
i n v e s t i g a t e d .
LITERATURE REVIEW
N i t r o g e n  - f i x a t io n  is  a b i o l o g i c a l  process by which some s o i l  
microorgan isms -fix atmospher ic N2  to  ammonia <NHg). Our knowledge 
o-f the bene - f ic ia l  s y m b io t ic  a s s o c i a t i o n  between r h i z o b i a  and 
leguminous p l a n t s  is  l i m i t e d  compared to  the ve ry  long p e r io d  of  
c u l t i v a t i o n  o f  these crops f o r  food and s o i l  e n r ic h m e n t .  According  
to Fred et. a jk  < 1 9 3 2 ) ,  the f i r s t  p u b l is h e d  drawings of  nodules  was 
c r e d i t e d  to Fuchs,  who p o r t r a y e d  nodules  on the r o o t s  of  Apheca. 
Vic  ia  f a b a , and T r  i o o n e l1 a foenum-oraecum in the f i r s t  e d i t i o n  of  
H i s t o r i a  St  i rp i um Commentar i i I n s i o n e s . in 1542.  However,  no 
mention was made of  the n o d u les ,  which were a p p a r e n t l y  co n s id ere d  to  
be a normal p l a n t  s t r u c t u r e  r a t h e r  than h y p e r t r o p h ie s  induced by 
b a c t e r i a .  In  1636,  Davy w r o t e ,  "when g l u t i n o u s  and albuminous  
substance e x i s t  in p l a n t s ,  the azo te  th ey  c o n ta in  may be suspected  
to be d e r i v e d  from the atmosphere" ( S t e w a r t ,  1 9 6 6 ) .  I t  was not  
u n t i l  1886 t h a t  H e l l r i e g l e  and W i l f a r t h  demonstrated t h a t  o n ly  
n o dula ted  leguminous p l a n t s  f i x e d  Ng . T h e i r  e xp er im ents  were done 
by growing peas w i t h  and w i t h o u t  combined-N in s t e r i l e  sand,  
n o n - s t e r i l e  sand,  and s t e r i l e  sand p lu s  s o i l  e x t r a c t .  P l a n t s  grown 
in s t e r i l e  sand d id  not  n o d u l a t e .  Some p l a n t s  grown in n o n - s t e r i l e  
sand n o d u la t e d ,  and n o d u la t io n  was found on a l l  p l a n t s  grown in 
s t e r i l e  sand p lu s  s o i l  e x t r a c t .  Only p l a n t s  b e a r in g  nodules showed 
growth s i m i l a r  to  p l a n t s  given  combined-N.  T h e r e f o r e ,  they  
suggested t h a t  the nodules  were the s i t e s  o f  Ng f i x a t i o n  and were
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■formed by s o i l  b a c t e r i a .  Two y ea rs  l a t e r ,  B e i j e r i n c k  < 1888)  i sol ated  
the b ac ter iu m  which caused nodule - formation and named i t  B a c i l l u s  
r a d i c o l a . l a t e r  renamed Rhizobium leouminosarm. He was the - f i r s t  to  
suggest  a s y m b io t ic  r e l a t i o n s h i p  between the b a c t e r i a  and the host  
legume.
I • H i c r o b i o l o o y  o-f N ? - F i x a t i o n
Leguminosae are g e n e r a l l y  s u b d iv id e d  i n t o  f o u r  s u b f a m i l i e s :  
Mimosoideae,  C a e s a l p i n i o i d e a e , S w a r t z i o i d e a e , and P a p i 1 i o n o i d e a e . 
T u t i n  <1958) and A l l e n  and A l l e n  <1941) gave e x c e l l e n t  accounts  of  
the d e s c r i p t i o n ,  c l a s s i f i c a t i o n ,  s i z e ,  and d i s t r i b u t i o n  o f  t h i s  
f a m i l y .
The Rhizobiaceae  f a m i l y  of  b a c t e r i a  c o n s i s t s  of  f o u r  genera  
accord in g  to the l a t e s t  Bergey c l a s s i f i c a t i o n  ( J o rd a n ,  1 9 8 4 ) .  They  
are Rh izob iu m. B ra d y rh iz o b iu m . A o ro b ac te r  i urn, and P h y l l o b a c t e r i  urn. 
"The genus Rhizobium and B radyrh izob iu m have the a b i l i t y  t o  i n c i t e  
c o r t i c a l  h y p e r t r o p h i e s ,  or n o d u les ,  on leguminous r o o t s  and f i x  
m o le c u la r  N2 . C e l l s  o f  both genera  are  ro d -sh ap e d ,  0 . 5 - 0 . 9 y j m  by 
1 . 2 - 3 . 0  yum, and are commonly pleomorphic under adverse growth 
c o n d i t i o n s .  They o f t e n  c o n ta in  g r a n u le s  of p l o y - ^ - h y d r o x y b u t y r a t e  
which are r e f r a c t i l e  under the  phase c o n t r a s t  microscope and 
s t a i n a b l e  w i t h  Sudan Black B. They are m o t i l e  by two to s i x  
p e r i t r i c h o u s  f l a g e l l a  or by a p o l a r  or su b po la r  f l a g e l l u m " .  Some 
r h i z o b i a  have complex f l a g e l l a .  R. m e ! i 1ot  i M V I I - 1  and R. 1 u p  i n i 
H 1 3 -3 ,  have f i v e  to ten p e r i t r i c h o u s l y  i n s e r t e d  complex f l a g e l l a .  
Both move r a p i d i l y  w i t h  speeds up to  40 -40  yjm/second.  I t  was 
suggested t h a t  complex f l a g e l l a  possess a high f l e x u a l  r i g i d i t y
which served to m a i n t a i n  a h e l i x  co n fo rm at ion  fa v o u r a b le  f o r  
p r o p u ls iv e  e f f i c i e n c y  a t  increased v i s c o s i t i e s  < 6 o t z ,  1 9 6 2 ) .  "The 
r h i z o b i a  in these two genera are G ra m -n e g a t iv e ,  non-spore fo rm ers ,  
and grow on most carb o h yd ra te  m ed ia .  They are chemoorganotrophs.  
The c o lo n ie s  are c o l o r l e s s  to  w h i t e ,  and the organisms u t i l i z e  a 
wide range of  ca r b o h y d r a te s .  They are ae ro b ic  but o f t e n  produce 
e x c e l l e n t  growth under 0 2 te n s io n s  le s s  than 0t01  atmosphere
(W i l s o n ,  1 9 4 0 ) .  A l l  s t r a i n s  e x h i b i t  host  range a f f i n i t i e s  (h o s t  
' s p e c i f i c i t y 7 ) ,  and b a c t e r i a  u s u a l l y  are p resent  in pleomorphic  
forms ( b a c t e r o i d s )  in the n o d u les " .
Members of  the genus Rh izobium are f a s t - g r o w i n g  b a c t e r i a  w i t h  a 
r e g e n e r a t i o n  time of  two to f o u r  hours .  T h i s  genus in c lu d e s  R. 
1 eouminosarum. R, mi 1 i 1 o t i  . and R. l o t i . They produce an a c id  
r e a c t i o n  on y ea s t  e x t r a c t  m ann it o l  m in e r a l  s a l t s  agar (YEM a g a r ) .  
U s u a l l y  the c o lo n ie s  are about 2 - 4  mm in d ia m e te r  w i t h i n  3 - 5  days on 
YEM a g a r .  Pronounced t u r b i d i t y  develop a f t e r  2 - 3  days in a g i t a t e d  
b r o t h .
Members of  the genus Bradyrh i zobi urn are s lo w -grow in g  r h i z o b i a .  
The g e n e r a t io n  time is  s i x  to  e i g h t  hours ,  and a l k a l i n e  c o n d i t i o n s  
are c r e a t e d  when grown on YEM medium. C o lo n ie s  are c i r c u l a r ,  
p u n c t i f o r m ,  opaque, r a r e l y  t r a n s l u c e n t ,  w h i t e ,  and convex.  They 
usual M y  do not  exceed 1 mm i n d iam eter  w i t h i n  5 - 7  days on YEM ag a r .  
Moderate t u r b i d i t y  is  produced o n ly  a f t e r  3 - 5  days or longer  in 
agi t a t e d  b r o t h .
The genus Bradyrh izobium in c lu des  the s i n g l e  spec ies  B. 
japon icum which n o d u la tes  the host  of  Glyc ine max. I t  was 
p r e v i o u s l y  c a l l e d  R. japon i cum. Other s p ec ies  have not been
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c l a s s i f i e d .  The organisms be lo n g in g  to  t h i s  genus might  be 
d e s ig n a ted  as Bradyrh izob i  urn s p p . w i t h  the name o-f the approprec i ate  
host  p l a n t  (Jo rd a n ,  1 9 8 4 ) .  There are a l s o  some - fas t -growing  s t r a i n s  
in the spe c ie s  o-f R. japon i cum (Dowdle and B o h lo o l ,  1 9 8 4 ) .  Since  
a l l  l i t e r a t u r e  rev iewed  -for t h i s  d i s s e r t a t i o n  r e p o r t s  on R, 
japon i cum r a t h e r  than Bradyrh i z o b iu m , the genus w i l l  s t i l l  be 
r e f e r r e d  to  as R. japon i cum in t h i s  d i s s e r t a t i o n .
R h izo b ia  i s o l a t e d  -from nodules on leguminous p l a n t s  may produce 
nodules on other  p l a n t s .  These groups of p la n t  are c a l l e d  
" c r o s s - i n o c u l a t i o n "  groups.  R h iz o b ia  ab le  to  n o du la te  p l a n t s  in one 
of  these groups were cons idered  as one Rhizobiurn s p e c ie s .  In the 
o ld  system of  c l a s s i f i c a t i o n  s i x  sp e c ie s  of Rhizobiurn bave been 
named, but o th er  groups of  p la n t  genera are m u t u a l l y  s u s c e p t i b l e  to  
n o d u la t io n  by a common r h i z o b i a  ( T a b le  1 ) .  The r h i z o b i a  w i t h o u t  
spec ie s  names are i d e n t i f i e d  w i t h  t h e i r  p a r e n t  h o s t ,  such as cowpea,  
l o t u s ,  c rownvetch ,  and o th e r  k in d s  of r h i z o b i a  (Lim et. a j . , , 1 9 8 2 ) .
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Tab le  1. C r o s s - I n o c u l a t i o n  groups and Rh i zob i um-1equme 
assoc i a t i  o n s .
C r o s s - i n o c u l a t i o n
group




A l f a l f a  group R. m e l i l o t i Medicaoo  
M e l i l o t u s  
T r  i o o n e l1 a
A l f a l f a  
Sweet c lo v e r  
Fenugreek
Clo ver group R. t r  i f o l i  t T r  i f o l i  um Cl overs
Pea group R. leoumi nosarum Pi sum 
V i c i a 






Bean group R. ohaseol i P h a s e d  us Beans
Lupine group R. l u o i n i Luo i nus 
Orn i thoous
Lupines  
S e r r a d e l 1 a
Soybean group R. janonicum G ly c in e Soybean
Cowpea group Vi ona 
Lespedeza 
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*  The o r i g i n a l  
<A1exander ,
t a b le  is  in " I n t r o d u c t i o n  to  S o i l  M ic r o b io lo g y "  
1 9 7 7 ) .
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11 . The M o d u la t io n  Process
A.  Attachment  of  R h iz o b ia  to  Root Surface
The n o d u la t io n  process i n v o lv e s  at tachment  of  r h i z o b i a  to  ro o t  
s u r f a c e s ,  i n f e c t i o n  of  r o o t  c e l l s ,  and f i n a l l y ,  nodule f o r m a t i o n .  
In  order  to have good n o d u l a t i o n ,  a c lo se  c o n ta c t  between r h i z o b i a  
and ro o t  h a i r s  must be e s t a b l i s h e d  (Sahlman and Fahraeus,  1 9 6 3 ) .
The hyp o th es is  of  p la n t  l e c t i n s  in r e c o g n i t i o n  of s p e c i f i c  
r h i z o b i a l  symbionts by legumes has r e c e i v e d  c o n s id e ra b le  a t t e n t i o n  
(Hamblin and K ent ,  1973; Bohlool  and Schmidt ,  1974;  Dazzo and
H u b b e l l ,  1 9 7 5 a , b ) .  L e c t i n  is  assumed to  be r e s p o n s ib le  f o r  the
s p e c i f i c  a t tachment of  co m p at ib le  r h i z o b i a l  c e l l s  on r o o t  h a i r s .  I t  
ac ts  as a m o le c u la r  b r id g e  between common, or  c r o s s - r e a c t i v e  
a n t ig e n s  of  r o o t s  and r h i z o b i a l  c e l l s  (Dazzo and H u b b e l l ,  1975b ) .  
R e c e n t ly ,  t r i f o l i n ,  a l e c t i n ,  has been d e t e c t e d  in r o o t  h a i r s  of  
c l o v e r .  The sugar ,  2-deoxyg lucose  (Dazzo and B r i l l ,  1977)  was the
most probable  h ap ten ic  d e te rm in an t  o f  r h i z o b i a l  a n t i g e n ,  which was
capab le  of s p e c i f i c a l l y  b in d in g  to  r o o t  an t is e ru m  and c l o v e r  l e c t i n  
(Dazzo and H u b b e l l ,  1 9 7 5 ) .  T h e r e f o r e ,  host  s p e c i f i c i t y  can be 
p a r t l y  e x p la i n e d  by p r e f e r e n t i a l  b i n d in g  of  i t s  own (homologous)  
s p e c i f i c  l e c t i n s .  Some o f  the soybean l e c t i n s  have been a ls o  
i s o l a t e d .  They combined s p e c i f i c a l l y  w i t h  25 s t r a i n s  of  the soybean 
n o d u l a t in g  R. ja p o n icu m . L e c t i n  d i d  not  b in d  to  o t h e r  r h i z o b i a l  
s t r a i n s  t h a t  do not  n o du la te  soybean (Bohloo l  and Sch mit ,  1 9 7 4 ) .
L ie  (198 1 )  s t a t e d  t h a t  the a b i l i t y  of  r h i z o b i a l  c e l l s  to  
develope l e c t i n  r e c e p t o r s  depended on the growing c o n d i t i o n s  of  the 
b a c t e r i a .  When the b a c t e r i a  were c u l t i v a t e d  in a s y n t h e t i c  medium,
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■five of  e leven  R. .iapon icum s t r a i n s  showed b in d in g  p r o p e r t i e s  w i t h  
G1yc ine max l e c t i n .  However,  when they were c u l t u r e d  in ro o t  
exudates of  G. max or in a s s o c i a t i o n  w i t h  r o o t s  of  G. max s e e d l in g s ,  
a l l  r h i z o b i a l  s t r a i n s  deve loped s p e c i f i c  r e c e p t o r s  f o r  the l e c t i n s .
Some r h i z o b i a l  s t r a i n s  capab le  of  n o d u l a t i n g  a host  p la n t  do 
not always bind w i t h  the p l a n t - s p e c i f i c  l e c t i n .  Only a smal l  
percentage of  the compat ib le  r h i z o b i a l  p o p u la t io n  were found to  have 
b in d in g  p r o p e r t i e s .  In  a study of  a b i l i t y  of  f l u o r e s c e i n  
is o t h io c y a n a t e  l a b e le d  l e c t i n  (F IT C )  e x t r a c t  f rom legumes Aso ala thus  
1 inear  i s . 61yc ine max . Lotonon is b a i n e s t  i i . Phaseolus vu lo ar  i s . and 
Pi sum sa t  ivum. r e s p e c t i v e l y ,  the FICT e x t r a c t s  r e a c t e d  w i t h  s t r a i n s  
of v a r io u s  Rh i ozbi um s p e c i e s .  In the f o u r  out  of  ten te s t e d  s t r a i n s  
of  R. phaseo l i  and e i g h t  out  of  ten t e s t e d  s t r a i n s  of  R. ja pon icum .
none of  them were ab le  to  bind to  l e c t i n  from t h e i r  normal host  
p l a n t s  (Law and S t r i j d o m ,  1977;  B re th a ue r  and Pax to n ,  1 977 ) .
P o la r  b i n d in g  is cons idered  as another mechanism of  a t tac h m en t .  
I t  was observed t h a t  the a t tachment of  R. t r  i f o l  i i to  c lo v e r  ro o t  
c e l l s  occurred  in a p o l a r ,  end-on fa s h io n  (Dazzo ,  1 9 7 6 ) .
B. I n f e c t i o n  and N o d u la t io n
I n f e c t i o n  of  r h i z o b i a  in to  soybean r o o t s  may begin as soon as 
r o o t  h a i r s  are p resent  on s e e d l i n g s .  The f i r s t  stage of  r h i z o b i a l  
e n t r y  in t o  p l a n t  c e l l s  is  by an in v a g i n a t i o n  process accompanied by 
r o o t  h a i r  c u r l i n g .  However,  i t  i s  p o s s ib le  t h a t  a small  coccoid
form of  r h i z o b i a  e n t e r s  gaps in c e l l u l o s e  m i c r o f i b r i l s  of  the c e l l  
w a l l  ( D a r t  and M e rc e r ,  1 9 6 4 ) .  The r h i z o b i a  were s t im u l a t e d  by a
r o o t  exudates which may be a growth f a c t o r  or an energy s u b s t r a t e .
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One exudate is t r y p to p h a n e ,  which r h i z o b i a  c o n v e r t  to  indole  a c e t i c  
a c id  ( I A A ) .  In d o le  a c e t i c  a c i d  appears to  in f l u e n c e  the 
l e n g t h e n i n g ,  branch ing  and c u r l i n g  o f  r o o t  h a i r s .
There are d i f f e r e n t  p o ly s a c c h a r id e s  on the r h i z o b i a l  c e l l  
s u r f a c e .  R h izo b ia  are known to s e c r e t e  a p o ly s a c c h a r id e  which 
induces legume ro o t  c e l l s  to s y n t h e s i z e  a p e c t in a s e  enzyme. T h is  
enzyme, in t u r n ,  p a r t i c i p a t e s  in c e l l  w a l l  d eg rad a t io n  and e n t r y  of  
r h i z o b i a  in to  the r o o t  (Fahreus and L ju n g g re n ,  1 9 6 8 ) ,  The 
e x t r a c e l l u l a r  s l im e < p o ly s a c c h a r id e )  o f  b a c t e r i a  a ls o  induces p la n t s  
to  s e c r e t e  p o ly g a la c tu r o n a s e  (P G ) .  P o ly g a la c tu ro n a s e  and indole  
a c e t i c  a c id  increase  the p l a s t i c i t y  o f ,  and loosen the f i b r i l s  of  
c e l l  w a l l s  of  p l a n t s .  In  t h i s  way,  they a s s i s t  p e n e t r a t i o n  of 
r h i z o b i a  in t o  c e l l s .  A t  t h i s  in vad in g  t im e ,  the r h i z o b i a  are in the 
swarming stage ( D ix o n ,  1 9 6 9 ) .  However, the p a r t i c i p a t i o n  of  
p e c t o l y t i c  enzymes, proposed by L j i u n g g r i n  and Fahaeus,  is  s t i l l  a 
m a t t e r  of  c o n t r o v e r s y  ( L i e ,  1 981 ) .  In  the absence of w a l 1- d e g ra d in g  
enzymes ( D a r t ,  1 9 7 4 ) ,  i n f e c t i o n  must be regarded  as an in v a g i n a t io n  
process owing to r e o r i e n t a t i o n  of  growth of the ro o t  h a i r  w a l l .
Once r h i z o b i a  invade the r o o t ,  a h y p h a e - l i k e  i n f e c t i o n  th read  
is  formed.  T h i s  i n f e c t i o n  thread  surrounds the b a c t e r i a  and grows 
at  the ro o t  t i p .  I t  grows from 5 to  8 um per hour,  which is  
a p p r o x im a te ly  i d e n t i c a l  to r o o t  h a i r s  growth .  As the th re ad  grows,  
the b a c t e r i a l  c e l l s  m u l t i p l y .  In the soybean t a p r o o t ,  the th re ad  
p e n e t r a t e s  o n ly  the f i r s t  c e l l  l a y e r s  o f  the t h i c k  c o r t i c a l  
parenchyma.  In  the l a t e r a l  r o o t s ,  where c e l l  r e s i s t a n c e  is  l e s s ,  
p e n e t r a t i o n  is more r a p i d  and p e r s i s t s  in w a rd ly  to the p e r i c y c l e  
1a y e r .
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As soon as the th read  invades a p o l y p l o i d  c e l l ,  u s u a l l y  a 
t e t r a p l o i d ,  r h i z o b i a  are r e l e a s e d  in t o  the c e l l  cytoplasm by 
p i n o c y t o s i s .  T h i s  pinches  o f f  r h i z o b i a  s i n g l y  or in groups and 
r e l e a s e s  them in t o  the host  c e l l ,  s t i l l  surrounded by a host  c e l l  
membrane. C e l l  d i v i s i o n  is  s t i m u l a t e d  and r h i z o b i a  p ro ba b ly  m ig r a te  
to  the p o les  d u r in g  c e l l  d i v i s i o n  and are c a r r i e d  in t h i s  way in t o  
new c e l l s .  S im u l t a n e o u s ly ,  d i p l o i d  c e l l s  d i - fe re n t  i a t e  in t o  nodule 
c o r t e x ,  and v a s c u la r  t r a c e s ,  e t c .  and -form n o d u le s .  At  the same 
t i m e ,  the b a c t e r i a  m u l t i p l y ,  s w e l l ,  and change i n t o  v a r io u s  shapes 
known as b a c t e r o i d s .  Format ion o f  b a c t e r o id s  is  a ls o  concomitant  
w i t h  a l a rg e  increase  in the p e r i n u c l e a r  r e g i o n ,  f r a g m e n t a t io n  of  
c h ro m a t in ,  and prominent  development of r e s p i r a t o r y  m i to c h o n d r ia  
which are v e r y  a c t i v e  d u r in g  N2  - f i x a t i o n .
As b a c t e r o i d s  fo rm ,  1eghemoglobin is  formed by the p l a n t .  I t s  
f u n c t i o n  is  to  p r o t e c t  the enzyme system from O2 . T h i s  compound 
impar ts nodule a c t i v i t y  and N2 f i x a t i o n  (Wei l  and Ohlrogge,  1 9 7 5 ) ,  
About one month a f t e r  i n f e c t i o n ,  nodules growth ceases and N2  
f i x a t i o n  c o n t in u es  u n t i l  nodule de g e n era t io n  occurs  <C ar ls on ,  1 9 7 3 ) .
C. Lo c a t io n  of  the Root I n f e c t i o n s
The r h i z o b i a l  i n f e c t i o n  s i t e  is  u s u a l l y  l o c a t e d  in a 
s p e c i f i c a l l y  d e f i n e d  a r e a .  T h i s  l o c a t i o n  is  above the a rea  of  r o o t  
e l o n g a t i o n  and below the area  o f  r o o t  h a i r  emergence. Large masses 
of R. mel i 1 o t  i were found in a l o c a l i z e d  re g io n  a t  the s u r fa c e  of  
a l f a l f a  r o o t s  ex te n d in g  about 1 mm in le n g th  and s t a r t i n g  0 . 7  mm up 
f rom the r o o t  t i p  (G u las h ,  1 9 8 4 ) .  Nodules on w h i t e  c l o v e r  developed  
ab u nd a n t ly  th roughout  the zone t h a t  c o n ta in e d  n a t u r a l  r o o t  h a i r s .
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In some spec ie s  n o d u la t io n  can occur on the stem h a i r s  (Gulask  
a K  , 1 9 84 ) .
111 .  I n o c u l a t i o n  of  R h iz o b ia  in S o i l s  and E s tab l ish m en t  of  
Non- i  nd i aenous S t r a i n s  of  R h iz o b ia  in S o i l s
S t r a i n s  o-f r h i z o b i a  which produce nodules  and -fix N2  j n
a s s o c i a t i o n  w i t h  a p a r t i c u l a r  host  are termed " e f f e c t i v e "  or  
" e f f  ic ien t"  ■ An e - f - f ic ie n t  a s s o c i a t i o n  r e s u l t s  in d e s i r e a b l e  r a t e s  
o-f N2  f i x a t i o n ,  w h i l e  " i n e f f i c i e n t "  a s s o c i a t i o n s  have l i t t l e  N2 
f i x a t i o n  (Ve s t  e_t a1_,, 1 9 7 3 ) .
To in crease  N2 - f i x i n g  e f f i c i e n c y ,  a s u p e r io r  s t r a i n  o f  
Rhizobium should be in t roduced  i n t o  s o i l .  One method is by seed 
i n o c u l a t i o n  j u s t  p r i o r  to p l a n t i n g .  However,  the er roneous idea  
t h a t  the presence of nodules  i n d i c a t e s  N 2 f i x a t i o n  and t h a t  host  
b e n e f i t  is  r e l a t e d  d i r e c t l y  to  the number o f  nodu les ,  causes  
confusion  among agronomists  and fa r m e rs  a l i k e .  A c t u a l l y ,  
in o c u l a t i o n  does not n e c e s s a r i l y  produce g r e a t e r  y i e l d s  when 
indigenous p o p u la t io n s  of  R. jaoon i cum are p rese n t  ( E l k i n s  ejt al ■. 
1 9 7 4 ) .
A . S u r v iv a l  of R h iz o b ia  in S o i l s  
The growth of r h i z o b i a  w i t h  the leguminous host  is  the f i r s t  
step to  success.  For f i e l d  use,  s u p e r i o r  s t r a i n s  of r h i z o b i a  must 
remain v i a b l e  in l a r g e  numbers u n t i l  the young s e e d l i n g  become 
s u s c e p t i b l e  to i n f e c t i o n .  F u r t h e r ,  when seeds are p la n t e d  in s o i l s
w i t h  n a t i v e  i n f e c t i v e  r h i z o b i a ,  the inoculum must compete f o r  nodule
s i t e s  w i t h  n a t i v e  r h i z o b i a  ( B u r to n ,  1 9 8 0 ) .
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S u r v i v a l  of  r h i z o b i a  in l a r g e  numbers in the s o i l  ecosystem is 
r e q u i r e d  f o r  sucessful  sym b io t ic  a s s o c i a t i o n s .  P e rs is t a n c e  of  
in o c u la  have been measured i n d i r e c t l y  as the p r o p o r t io n  of nodules  
formed by the inoculum s t r a i n .  Many tech n iq u es  are employed in t h i s  
d e t e r m i n a t i o n .  One, s e r o l o g i c a l  i d e n t i f i c a t i o n ,  u t i l i z e s  the 
c o n t e n t s  of nodules as a n t ig e n s  to  form a g g l u t i n a t i o n  w i t h  the 
a n t i s e r a  f o r  nodule d e t e c t i o n  formed by inoculum s t r a i n s  (Means e.t 
a 1 . .  1944;  D a t e ,  1 9 7 4 ) .  The technique  o f  a n t i b i o t i c  markers  is
concerned w i t h  a n t i b i o t i c - r e s i s t a n t  mutants  in o c u la te d  onto p l a n t s .  
R h izo b ia  which are pre sen t  in nodules  cou ld  grow on YEM agar w i t h  
c e r t a i n  c o n c e n t r a t i o n s  o f  a n t i b i o t i c s  as c o n f i r m a t i o n  of  the 
o r i g i n a l  s t r a i n  (B rockw el l  a j_ . , 1 9 7 7 ) .  R e s u l ts  us ing
a t i b i o t i c - r e s i s t a n c e  i n d ic a t e d  t h a t ,  i f  the number o f  r h i z o b i a  added 
to the s o i l  were not too l a r g e ,  t h e i r  numbers d id  not decrease  
m arked ly  in mois t  s o i l s  and normal tem pera tures  (Danso and 
A le x a n d e r ,  1 9 7 4 ) .  I f  smal l r h i z o b i a l  p o p u la t io n  were in tr oduced  
i n t o  the s o i l ,  t h e i r  d e c l in e  was a l s o  slow ( A le x a n d e r ,  1 9 8 4 ) .  Black  
nodule c h a r a c t e r  was a ls o  employed in i d e n t i f i c a t i o n  of  s p e c i f i c i t y  
o f  the i n f e c t i v e  s t r a i n s .  In  nodules  o f  P o l i  chos l a b l a b  (C loonan,  
1 9 4 3 ) ,  b lack  c o l o r  t i s s u e  appeared a t  s i x  weeks showing a 
c o n s id e r a b le  degree o f  s p e c i f i c i t y  between Rhizobium and i t s  h o s t .  
A r h i z o b i a l  s t r a i n  from b lack  nodules  on c e r t a i n  t r o p i c a l  legumes 
would be of  p a r t i c u l a r  va lu e  in e s t i m a t i n g  the a b i l i t y  of  inoculum 
to  form nodules  when o t h e r  s t r a i n s  were a l r e a d y  pre sen t  in s o i l s .  
Using the p in k  s t r a i n s  c h a r a c t e r i s t i c  o f  Rhizobium is  another  way to  
determ ine  s p e c i f i c i t y .  One pink s t r a i n  of  r h i o z b i a  is found in 
nodules of  Lo tononis  b a in e s i  i ■ The co lony c o lo r  is pink and
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appeared a-f ter  10 days on i s o l a t i o n  p l a t e s  (D ia t lo - f - f ,  1977) .  
I n d u c t io n  o-f c h l o r o s i s  in tops o-f G. max by R. jaoonicum serogroup  
94 has a ls o  been employed as a t e s t  (Weber and M i l l e r ,  1 9 7 2 ) .  In  
a d d i t i o n ,  the p l a n t  in - fec t ion method ( V i n c e n t ,  1 9 7 0 ) ,  or 
m ost -probable -number  technique have been employed -for many yea rs .  
R e c e n t l y ,  the -f l u o r e s c e n t - a n t i b o d y  technique  has been used -for 
d i r e c t  e s t i m a t io n  o-f r h i z o b i a l  number in s o i l  and r h i z o s p h e r e .  
F lu o r e s c e n t  a n t ib o d i e s  Mere p repared  to r e a c t  w i t h  the cor responding  
Rhizobiutn a- f ter  i s o l a t i o n  o-f the s t r a i n  -from s o i l .  The procedure  
f o r  q u a n t i t a t i v e  immuno-fluorescence (S c h m id t ,  1974)  was used, and 
■fluorescent an t ib o d y  counts o-f c e l l s  on membrane - f i l t e r s  was done by 
- f luorescence microscopy (Reyse and Schmidt ,  1 9 7 9 ) .
B. F a c to rs  A-f -fect ino the S u r v iv a l  o-f R h iz o b ia  in S o i l s
G e n e r a l l y ,  r h i z o b i a l  p o p u la t io n s  are g r e a t e r  in s o i l s  supported  
by r o t a t i o n s  c o n t a i n i n g  legumes than in r o t a t i o n  systems w i t h o u t  
legumes (WalKer and Bron,  1 9 3 5 ) .  A lexander  (1 9 8 4 )  s t a t e d  t h a t  some 
p l a n t s ,  h e te ro lo g o u s  or homologous legumes or even non- legumes,  
s t i m u l a t e d  r o o t - n o d u l e  b a c t e r i a .  However,  leguminous crops  o-ften 
increase  numbers o-f spec i- f ic  r h i z o b i a ,  but  the b a c t e r i a  do not  
p e r s i s t  in the s o i l  in absence o-f the h o s t ,  and numbers d e c l in e d  
r a p i d i l y .  Other r h i z o b i a l  s p e c ie s  were abundant in s o i l  even in 
absence o-f homologeous legumes. In c o n t r a s t ,  some r o o t  exudates  are  
t o x i c  t o  r h i z o b i a  ( P e t e r  and A le x a n d e r ,  1 9 6 6 ) .  The e-f-fect ot  the  
r h iz o s p h e re  on s u r v i v a l  o-f r h i z o b i a  is  a l s o  r e l a t e d  to  s o i l  t y p e ,  
p l a n t  s p e c ie s ,  and p a r t i c u l a r  r h i z o b i a  (Tuz im ura  et. a_l_., 1 9 6 6 ) ,
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The d i s t r i b u t i o n  o-f JR. japonicum s t r a i n s  is  a ls o  known to be 
in f lu e n c e d  by p l a n t i n g  d a t e ,  some s t r a i n s  i n i t i a t e  many nodules  in 
e a r l y - p l a n t e d  beans but  d e c l i n e  in numbers in l a t e r  p la n t e d  beans 
<Cald wel1 and U eber ,  1 9 7 0 ) ,
1 ) .  Dry i no
Phys ic a l  and chemical  p r o p e r t i e s  o-f s o i l s  may in- fluence the 
magnitude o-f m i c r o b i a l  p o p u la t io n s  and p e r s is t e n c e  of  inoculum 
s t r a i n s  in s o i l s .  Under c e r t a i n  c o n d i t i o n s ,  f a s t - g r o w i n g  r h i z o b i a  
were more s u s c e p t i b le  to  dry  heat  than slow-grow in g  s t r a i n s .  The 
d i f f e r e n c e  in s u s c e p t i t b i 1 i t y  among r h i z o b i a  was r e l a t e d  to the  
amount of  w ater  r e t a i n e d  by c e l l s  d u r in g  the process of  d r y in g  
<Bushby and M a r s h a l l ,  1 9 7 7 a ) .  G e n e r a l l y ,  r h i z o b i a  s u rv iv e  f o r  
c o n s id e ra b le  p e r io d s  in f e r t i l e  s o i l s  even under d r y in g  c o n d i t i o n s .  
There was o n ly  a 1 0 - f o l d  decrease  in a c u l t u r e  of  R. m e ! i 1o t i  a f t e r  
14 years  ( V i n c e n t ,  1 9 7 7 ) .  C e l l s  were a ls o  found in s t e r i l i z e d  
a i r - d r i e d  s o i l  a f t e r  3 0 -45  y e a r s .
Under l a b o r a t o r y  c o n d i t i o n s ,  r e g a r d l e s s  of i n i t i a l  p o p u la t io n s  
in t r o d u c e d ,  r h i z o b i a l  numbers reached an e q u i l i b r i u m  value accord in g  
to  a mathematica l  model .  In  a d d i t i o n ,  a d i s t i n c t  morp ho lo g ica l  c e l l  
change from rod shaped to c o c c i - l i k e  form was n o t i c e d  ( C r o z a t ,  
1 9 8 2 ) .
When r h i o z b i a  were in o c u la t e d  i n t o  a s t e r i l e  s o i l  and then 
r a p i d i l y  d r i e d ,  th e r  was very  r a p i d  decrease in p o p u la t io n  (Bushby 
and M a r s h a l l ,  1 9 7 7 ) .  However, the s u s c e p t i b i l i t y  of  r h i z o b i a  to  
d ry in g  v a r i e s  w i t h  d i f f e r e n t  spec ies  or s t r a i n s  ( A le x a n d e r ,  1 9 8 4 ) ,  
Numbers of  R, m e l i 1ot i and R. phaseo l i  decreased markedly  as the
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s o i l  d r i e d ,  but  t h e i r  abundance d e c l i n e d  s lo w ly  in s o i l s  m a in ta in e d  
in an a i r - d r y  s t a t e .  The number of  s u r v i v i n g  c e l l s  increased i f  
t h a t  ba c te r iu m  was added to s t e r i l e  s o i l  and a l lo w ed  to grow be fore  
d e s i c c a t i o n  was e x t e n s i v e .
R h iz o b ia l  s u r v i v a l  is  d i f f e r e n t  under f i e l d  c o n d i t i o n s .  Using  
a n t i b i o t i c  r e s i s t a n t  markers to measure v i a b i l i t y  of  s t a i n s  o f  R. 
mel i 1 o t i  and R. t r i - f o l  i i . the numbers of  r h i z o b i a  d id  not  f a l l  
markedly  when they were in t roduced  in t o  m o is t  sand,  o rgan ic  m a t t e r  
amended s o i l ,  or d e s ic c a t e d  s o i l  <Danso and A l e x a n d e r ,  1 974 ) .  The 
p o p u la t io n  d e n s i t y  decreased r a p i d i l y  when the b a c t e r i a  were 
in o c u la t e d  in to  d e s ic c a t e d  sand. The r a t e  of  d e c l i n e  in c e l l  number 
in creased w i t h  te m p e ra tu re .  In  one study on the dynamics of  
r h i z o b i a l  p o p u l a t i o n ,  the f l u o r e s c e n t  a n t ib o d y  tech n iq ue  was used to  
measure growth r a t e  and p o p u la t io n s  in n o n s t e r i l i z e d  s o i l  in a 
n a t u r a l  env ironm ent .  The growth curve of  R. japon i cum s t r a i n  110 in 
n o n s t e r i l e  s o i l  was much slower  than t h a t  in s t e r i l i z e d  s o i l  
(Schm id t ,  1 9 7 4 ) .  In a French s o i l  which was devoid  of n a t i v e  
r h i z o b i a ,  more than 10,000 r h i z o b i a  per g o f  dry s o i l  s u r v iv e d  a f t e r  
5 ye ars  even w i t h o u t  any soybean crop growing d u r in g  the experiment  
( C r o z a t ,  1 9 8 2 ) .
Other s o i l  c h a r a c t e r i s t i c s  a l s o  have an i n f l u e n c e  on s u r v i v a l  
of  r h i z o b i a  in d r y in g  s o i l s .  The s u r v i v a l  o f  R. m e l i l o t i . but not  
R. phaseol i ■ decreased as the percentage  of  c l a y  and a v a i l a b l e  w a te r  
i n c r e a s e d .  S u r v i v a l  of  the r h i z o b i a  was a ls o  r e l a t e d  to  the o rgan ic  
carbon co n ten t  of  the s o i l  a t  o rg an ic  m a t t e r  l e v e l s  below 2 - 3  X.  
S u rv iv a l  of  R. phaseo l i  was i n v e r s e l y  r e l a t e d  to  the c o n te n t  of  
t o t a l  a v a i l a b l e  A1 in the s o i l s ,  but  s u r v i v a l  of  two r h i z o b i a l
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spec ie s  was not  c o r r e l a t e d  to a v a i l a b l e  P l e v e l s  (Chao and 
A le x a n d e r ,  19B2) .
S o i l  t e x t u r e  is  another  important  c h a r a c t e r i s t i c  in d e te rm in in g  
the a b i l i t y  o-f c e r t a i n  r h i z o b i a  to  s u r v iv e  d e s i c c a t i o n  and heat  
( M a r s h a l l  jft, a l_ . , 1 9 4 3 ) .  Good s u r v i v a l  o-f r h i z o b i a  occurred  in
- f iner  t e x t u r e d  s o i l s  ( M a r s h a l l ,  1 9 4 4 ) .  A d d i t i o n  o-f montmor i 11 on i te  
or i l l i t e ,  but not  k a o l i n i t e ,  to a g rey  sand p r o t e c t e d  R. t r i - f o l  i i 
-from both d e s i c c a t i o n  and h e a t .  S o i l  amended w i t h  a d d i t i o n a l  
montmor i 11 oni te  d id  not in crease  s u r v i v a l  o-f s low -growin g  r h i z o b i a l  
s t r a i n s .  Bushby (1 9 8 2 )  s t a t e d  t h a t  the p r o t e c t i o n  was a-f-forded only  
by constant  s u r f a c e - c h a r g e  m i n e r a l s  (h ig h  a c t i v i t y  c l a y s )  and not  by 
co n s tan t  p o t e n t i a l  p a r t i c l e s .
2 ) .  Vapor Pressure
Vapor pressure  a-f-fects s u r v i v a l  o-f r h i z o b i a  in s o i l s  under very  
dry  s o i l  c o n d i t io n s  (Lowendoo-f, 1 9 8 0 ) .  Low vapor pressure  p ro v id e s  
p r o t e c t i o n  by i t s  low in t e r n a l  w a te r  conten t  (Bushby and M a r s h a l l ,  
1 9 7 7 ) .  There was a r e l a t i o n s h i p  between high i n t e r n a l  osmotic  
te n s io n  and the c a p a c i t y  to develop a t  low w a te r  a c t i v i t y  (Chen and 
A le x a n d e r ,  1 9 7 3 ) .
3 ) .  S o i l  M o is tu r e
Legumes are not  t o l e r a n t  o-f e i t h e r  w a te r  s t r e s s  or excess  
w a t e r .  T h is  is  due m a in ly  to  the s e n s i t i v i t y  o-f the sym bios is .  
G e n e r a l l y ,  the sym b io t ic  system w i l l  recover  -from a s h o r t  exposure  
to  w a t e r  s t r e s s  or w ater  l o g g i n g ,  but  pro longed exposure may lead  to  
permanent damage and shedding o-f nodules  (W i ls o n ,  1 9 3 1 ) .
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4 ) .  S o i l  pH
S u r v i v a l  of r h i z o b i a  is  a f f e c t e d  by s o i l  pH. Extremes of pH 
f r e q u e n t l y  reduce nodule fo rm at io n  by decreas in g  the c o l o n i z a t i o n  of  
both the s o i l  and the leguminous r h iz o s p h e r e  by r h i z o b i a .
G e n e r a l l y ,  slow growing r h i z o b i a  are less  s e n s i t i v e  to  pH than 
f a s t e r  growing s t r a i n s .  However, w i t h i n  a group,  t h e r e  is  a la r g e  
s t r a i n - t o - s t r a i n  v a r i b a l i t y  (Graham and P a r k e r ,  1944;  Rerkasem,  
1 9 7 7 ) .  The p ro d uc t io n  of  a b as ic  r e a c t i o n  on YEM agar by 
slow-gro win g  r h i z o b i a  may p a r t i a l l y  e x p l a i n  t h i s  phenomenon ( N o r r i s ,  
1 9 4 5 ) .
S u r v iv a l  of r h i z o b i a l  s p ec ie s  of R. m e l i l o t i  and R. phaseol i  
was low in s o i l s  of  pH va lu es  below 5 . 7 .  Pure c u l t u r e  s t u d i e s  by 
Fred £ t  al_. ( 1 9 3 2 )  and Graham and Parker  (19 44 )  showed t h a t  the 
lowest  pH a t  which r h i z o b i a  could  s u r v iv e  was 4 . 0 .  However, Brayan 
( 1 9 2 3 )  r e p o r t e d  t h a t  some r h i z o b i a  co u ld  p e r s i s t  below pH 4 . 0 .  
R e c e n t l y ,  the p o p u la t io n  change w i t h  s o i l  a c i d i t y  has been c a r e f u l l y  
i n v e s t i g a t e d .  Cowpea i s o l a t e s  were not g r e a t l y  a f f e c t e d  in s o i l  of  
pH 4 . 4  in the absence of  m i c r o b i a l  an tagonisms.  The p o p u la t io n  f e l l  
s l o w l y  a t  pH 4 . 1 .  There was a d i f f e r e n c e  in s u s c e p t i b i l i t i e s  of  
s t r a i n s  of  R. mel i l o t  i to  dec reas ing  pH (Lowendorf  et. * ! ■  t 1 9 8 1 ) .
S o i l  w i t h  high a c i d i t i e s  f r e q u e n t l y  have low l e v e l s  of  P, Ca, 
Mo, and high c o n c e n t r a t io n  of A1 and Mn. R e c e n t l y ,  research  has 
demonstrated the a b i l i t y  of  some s t r a i n s  to  s u r v iv e  a t  high A1 
c o n c e n t r a t i o n s  and low pH v a lu e s .  Calcium may p re v e n t  t h i s  d e c l in e  
in v i a b i l i t y  of  a f a s t - g r o w i n g  s t r a i n  a t  pH 4 . 3 ,  but  has no e f f e c t  
on A1 t o x i c i t y  (Rerkasen,  1 9 7 7 ) .  A s lo w-grow in g  s t r a i n  t h a t  was 
u n a f f e c t e d  by e i t h e r  low pH or high A1 was not  a f f e c t e d  by the
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a d d i t i o n  o-f 10 um o-f Ca. I f  the Ca range was 50 -1 00  um, there  was 
l i t t l e  p r o t e c t i v e  e f f e c t  on d e c l i n e  in v i a b i l i t y  a g a in s t  A1 or  
a c i d i t y  (Keyser  and Munns, 1 9 7 9 ) .  The e f f e c t  o f  a c i d i t y  on most 
s t r a i n s  of  r h i z o b i a  was r e f l e c t e d  by increase d  la g  t ime of  growth or 
decreased growth r a t e .
The d i s t r i b u t i o n  of  R. japonicum s t r a i n s  is  d i f f e r e n t  under  
v a r i o u s  s o i l  pH rang es .  For i n s t t a n c e ,  more nodules o f  R. Japon i cum 
s t r a i n  123 were formed a t  pH v a lu es  o f  7 . 5 - 8 . 0 ,  w h h i le  R. japon i cum 
s t r a i n  135 dominated above t h i s  pH range (Ham aj_ . , 1 9 7 1 ) .  In the 
l i t e r t u r e  r ev iew  of  2 a u n b r e c h e r 's  t h s i s  ( 1 9 8 1 ) ,  he s t a t e d  t h a t  the 
optimum n o d u la t io n  and n i t r o g e n a s e  a c t i v i t y  were under s l i g h t l y  ac id  
c o n d i t i o n s .  In  a d d i t i o n ,  s u r v i v a l  ot  some r h i z o b i a l  spe c ies  was 
s i g n i f i c a n t l y  a f f e c t e d  by the shape, s i z e  d i s t r i b u t i o n ,  adsorbed  
c a t i o n s ,  s u r fa c e  a r e a ,  and the s u r fa c e  charges  of  the s o i l  p a r t i c l e s  
( M a r s h a l l ,  1 9 6 3 ) .
C. Com pet i t io n  of  R h iz o b ia  in S o i l s
Even though r h i z o b i a  can s u r v iv e  in s o i l s ,  the c o m p e t i t io n  
among s o i l  microorgan isms and t h a t  between s t r a i n s  f o r  n o d u la t io n  
s i t e s  is  s t i l l  a very  s e r io u s  problem.
There  are many k in d s  of  c o m p e t i t i o n  in the s o i l  en v ironm ent .  
Protozoa  are known to  k i l l  r h i z o b i a  by phagocytos is  (H abte  and 
A le x a n d e r ,  1 9 7 7 ) .  Rhizobiophages are a l s o  known to ly z e  r h i z o b i a  
( K a t z n e l s o n ,  1 9 4 1 ) .  However,  based on c u r r e n t  w ork ,  i t  appears  
u n l i k l y  t h a t  b ac te r io p h ag e  have a s i g n i f i c a n t  in f l u e n c e  on ecology  
o f  r h i z o b i a  except  when the p o p u la t io n  of  i n d i v i d u a l  bac ter io phage  
are q u i t e  high ( A le x a n d e r ,  1 9 8 1 ) .  Some s o i l s  c o n t a in  i n h i b i t o r s
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which produce t o x i c  substances .  These microorganisms p r o l i f e r a t e  a t  
the expense of o rgan ic  m a t t e r  re m a in in g  from the o r i g i n a l  v e g e t a t io n  
< C h a t e l , 1 9 7 2 ) .  Some f u n g i c i d e s  a p p l i e d  w i t h  Rh i zobium suppress of  
c o n t ro l  the pathogens w i t h o u t  a f f e c t i n g  r h i z o b i a  (Qdeyem and 
A le x a n d e r ,  1 9 7 7 ) .  H e r b ic i d e s  do not  have a major  i n f l u e n c e  on 
n o d u la t io n  or N2 f i x a t i o n  by soybeans ( B o l l i c h  et. a l_ . , 1 9 8 4 ) .
The c o m p e t i t i v e  a b i l i t y  of  a s t r a i n  has been q u a n t i f i e d  by 
measuring the s t r a i n  r a t i o  in the inoculum to  the s t a i n  
r e p r e s e n t a t i o n  on the ro o t  s u r fa c e  and s t r a i n  r e p r e s e n t a t i o n  in 
n o d u le s .  S t r a i n  r a t i o s  are not  a lways r e f l e c t e d  in i n i t i a l  
r o o t - s u r f a c e  r a t i o ,  and s t r a i n s  d i f f e r e d  in t h e i r  a b i l i t y  to  
c o l o n i z e  the r o o t  s u r f a c e .  In  the r e l a t i o n s h i p  between sym bio t ic  
e f f e c t i v e n e s s  and c o m p e t i t i v e  a b i l i t y ,  successfu l  n d u la t io n  depends 
on ro o t  s u r fa c e  r e p r e s e n t a t i o n  when the host  i n f l u e n c e s  on s t r a i n s  
are e q u a l .  The host  has a major  in f lu e n c e  on d e te r m in in g  which  
s t r a i n s  have the a b i l i t y  to form nodules  (Date  and B r a c k w e l l ,  1 9 7 8 ) .
1 ) .  E f f e c t  o f  Po p u la t io n  of  Inoculum on Compet i t ion
High p o p u la t io n s  in an inoculum may r e s u l t  in b e t t e r  
c o m p e t i t io n  f o r  nodule s i t e s .  T h is  is  e s p e c i a l l y  t r u e  when the s o i l  
c o n t a in s  low p o p u la t io n s  of  indigenous r h i z o b i a .  I f  the inoculum 
r a t e  was 800 to  1000 t imes the normal r a t e  (< 10 ,0 00  /  s e e d ) ,  they  
may achieve  5071 of  the nodules  s i t e s  (H ick  and Ham, 1 9 7 5 ) .  Through  
l i q u i d  and peat  i n o c u l a t i o n s  a t  10 and 100 t imes  the normal r a t e ,  
r e c o v e r y  of two s t r a i n s  of  R. japon icum s t r a i n  76 and 110 could  be 
in creased from 471 to 87! and from 4071 to  5 2 X , r e s p e c t i v e l y  (Boonkerd  
e t  al . .  1 9 7 8 ) .  I t  has been shown in both greenhouse and f i e l d
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s t u d i e s  t h a t  n o d u la t io n  o-f soybeans p l a n t e d  in s o i l  w i t h  low 
p o p u la t i o n s  of  R. Japon i cum was d i r e c t l y  r e l a t e d  to  the number of  
r h i z o b i a  a p p l i e d  per seed.  Nodules were formed by p r o v i d i n g  103 
r h i z o b i a  c e l l s  per seed,  and abundant n o d u la t io n  was o b ta in e d  by 
p r o v i d i n g  10^ -  10^ c e l l s  per  seed (Weaver and F r e d e r i c k ,  1974a&b;  
Nelson e_t a l . . , 1978;  Hi 1 tbo l  t  ej. a l_ . , 1 9 8 0 ) .
S t r a i n  of R. Japonicum a p p l i e d  as inoculum at  v a r i o u s  r a t e s  
d i f f e r e d  g r e a t l y  in the p r o p o r t io n  of  nodules produced on soybeans  
grown in s o i l s  c o n t a i n in g  indigenous soybean r h i z o b i a .  When the  
i n o c u l a t i o n  r a t e  was 3 . 3  x 10^ c e l l s / s e e d  in s i l s  c o n t a i n i n g  l e s s  
than 12 r h i z o b i a / g  and 1000 r h i z o a b a l  c e l l s / g ,  the in o c u la n t  s t r a i n s  
formed 65V. and 35V. of the n o d u les ,  r e s p e c t i v e l y .  Nodule numbers 
were not  increased by in o c u l a t i o n  when the s o i l  co n ta in e d  more than  
1 ,0 00  r h i z o b i a / g .  With high r a t e s  of  i n o c u l a t i o n  <10® -  10? c e l l s /  
seed) , the p r o p o r t io n  o f  nodules formed by inoculum s t r a i n  was 
g r e a t e r  (Weaver and F r e d e r i c k ,  1 9 7 4 ) .  Recovery r a t e s  of on ly  5V. of  
the in t roduced  r h i z o b i a  were o b ta in e d  a t  s tan d ard  in o c u l a t i o n  r a t e s ,  
when the n a t i v e  R. japoincum were in the s o i l  (Johnson ej. al  . .  
1 9 6 5 ) .
2 ) .  I n t e r s t r a i n  Compet i t ion
I n t e r s t r a i n  c o m p e t i t io n  w i t h i n  the r h iz o s p h e r e  f o r  nodule  
f o r m a t io n  has r e c e i v e d  much a t t e n t i o n .  Robinson ( 1 9 6 9 )  found t h a t  
in mixed c u l t u r e ,  most nodules formed on R. t r  i f o l i  um were  
e f f e c t i v e ,  even when the r a t i o  of  e f f e c t i v e  to  i n e f f e c t i v e  s t r a i n s  
was as low as 1 : 1 0 0 ,  T h is  i l l u s t r a t e d  t h a t  the legume had a s t r o n g  
s e l e c t i v e  p re fe r e n c e  f o r  e f f e c t i v e  s t r a i n s  in the s o i l .  Sometimes,
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e f f e c t i v e  s t r a i n s  in t ro d uced  as seed inoculum may prevent  the 
fo rm a t io n  of  nodules  by i n e f f e c t i v e  s t r a i n s  ( I r e l a n d  and U in c e n t ,  
1 9 6 8 ) .  However, t h i s  is not a lways the case .  The m a j o r i t y  of  
nodules  were o f t e n  formed by i n e f f e c t i v e ,  ind igenous s t r a i n  in s o i l s  
( D i a t l o f f  and B r o c k w e l l ,  1 9 7 6 ) .  Ham et, al_. ( 1 9 7 1 )  r e p o r t e d  a 
r e c o v e r y  range of  0 to  177., when t h e r  were indigenous r h i z o b i a  in 
the s o i l .  M oreo ver ,  Kapusta and Rouwenhorst (1 9 7 3 )  f a i l e d  to  
produce s i g n i f i c a n t  increases  in seed y i e l d  w i t h  massive  
i n o c u l a t i o n s  of up to  1 . 2  x 1 0 12 c e l l s  per  cm of  row banded in 
c o n ta c t  w i t h  the seed dur ing  the p l a n t i n g .  T h e r e f o r e ,  the problem 
is  not  o n ly  i n t r o d u c t i o n  of  a good s t a r i n  o f  r h i z o b i a  to s o i l ,  but  
a l s o  the a b i l i t y  to e s t a b l i s h  the i n o c u la n t  s t r a i n  in s o i l  ( B u r t o n ,  
1 9 8 0 ) .  I n o c u l a t i n g  soybean seeds w i t h  r h i z o b i a  a t  p l a n t i n g  d id  not  
s i g n i f i c a n t l y  increase  seed y i e l d ,  because in t ro d u c ed  r h i z o b i a  d id  
not compete w e l l  w i t h  n a t u r a l i z e d  r h i z o b i a .  Even though in t roduced  
r h i z o b i a  may be more e f f e c i e n t  N2 f i x e r s ,  the p l a n t  r o o t  was not in 
c o n t a c t  w i t h  the new r h i z o b i a .
3 ) .  F a c t o r s  E f f e c t i n g  C om pet i t io n  of  R h iz o b ia
D i s t r i b u t i o n  o f  r h i z o b i a  was a f f e c t e d  by s o i l  chemical  and 
p h y s ic a l  p r o p e r i e s .  In  Iowa s o i l s ,  12 i n d i v i d u a l  serogroups showed 
s i g n i f i c a n t  c o r r e l a t i o n s  w i t h  s o i l  t e x t u r e ,  s o i l  pH, o rga n ic  m a t t e r ,  
and N,  P, K. In  s t e r i l e  s o i l ,  se ro ty p e  123 grew w e l l  a t  pH va lu es  
f rom 6 .1  to 8 . 2 ,  w h i l e  growth o f  se ro typ e  135 appeared best  aroud pH 
8 . 2 .  A l s o ,  pH has an in f l u e n c e  on the le v e l  and a v a i l a b i l i t y  of  
some n u t r i e n t  e lements  in s o i l .  The l e v e l  and a v a i l a b i l i t y  of  
n u t r i e n t  e lement  a f f e c t  d i s t r i b u t i o n  of  v a r i o u s  serogroups of
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r h i z o b i a  in s o i l  (Ham et. a_j_,, 1 9 7 1 ) .  T h is  a f f e c t s  the a b i l i t y  of  
co m p et i t io n  by the r h i z o b i a  in each s o i l .  T h e r e f o r e ,  i t  is  
necessary  to  have a b e t t e r  un ders tan d ing  of  the r h i z o b i a l  eco lo g y ,  
e s p e c i a l l y  when legumes are being in t roduced  i n t o  f i e l d s  w i t h  no 
p r e v io u s  h i s t o r y  of  t h a t  legume.
D. E s ta b l is h m e n t  o f  R h i z o b ia l  Communit ies in S o i l s  C o n ta in in o  
Ind igenous R h iz o b ia  
Successful  c o l o n i z a t i o n  of the r h iz o s p h e r e  and fo rm a t io n  of  
nodules by r h i z o b i a  in t roduced  as inoculum w i t h  the host legume seed 
i m p l ie s  ad apt ion  to the s o i l  environment and e s ta b l is h m e n t  w i t h i n  
the s o i l  m ic r o b ia l  community.
I f  s o i l  c o n t a in s  low numbers of  indigenous r h i z o b i a  capable  of  
n o d u la t i n g  the h o s t ,  the inoculum s t r a i n  w i l l  form a l a r g e  
p r o p o r t io n  of the nodu le s ,  but  the p r o p o r t i o n  d e c l i n e s  at  d i f f e r e n t  
r a t e s  in subsequent years  as s e r o l o g i c a l 1y - u n r e l a t e d  s t r a i n s  invade 
the p l o t s  (Dudman and B ro c k w e l l ,  1968;  Brockwel l  e t  a l . . ,  1972;
Rough 1 ey £ t  a l_ . , 1 9 7 4 ) .
Under f i e l d  c o n d i t i o n s ,  th e re  was a s i g n i f i c a n t  d i f f e r e n c e  in 
both r o o t  and s o i l  c o l o n i z a t i o n  among s t r a i n s  o f  R. t r i f o l  i i in the  
f i r s t  year  f o l l o w i n g  i n o c u l a t i o n .  These d i f f e r e n c e s  were a ls o  
r e f l e c t e d  in the second y e a r .  In a d d i t i o n ,  d i f f e r e n c e s  were n o t ic e d  
among sp e c ie s  of  r h i z o b i a .  S t r a i n s  of  R. t r i f o l i  i v a r i e d  in t h e i r  
a b i l i t y  to  c o l o n i z e  non-host  rh i z o s p h e r e s  ( C h a te l  and Greenwood,  
19 7 3 a ) .  However,  th ere  are some e x c e p t io n s .  I f  the legume is  
nodula ted  by a wide range o f  r h i z o b i a ,  the p r o p o r t io n  o f  s t r a i n s  due
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to  inoculum may be n e g l i g i b l e  even in the - f i r s t  year  <Date and 
B ro c k w e l l ,  1 9 7 8 ) .
In some cases,  s o i l s  c o n t a in  high p o p u l a t io n s  o-f i n e f f e c t i v e  to  
m o d era te ly  e f f e c t i v e  indigenous r h i z o b i a  t h a t  p ro v id e  r e s i s t a n c e  to  
i n t r o d u c t i o n  and p e r s is t e n c e  of inoculum s t r a i n s .  Ham (1 976 )  s t a t e d  
t h a t  * i n o c u l a t i o n  is  not s im ply  a m a t t e r  o-f p r o v i d i n g  co m p at ib ly  
e-f - fect ive r h i z o b i a  -for soybeans in a s o i l  which has no indigenous  
r h i z o b i a 11.
The qu est io n  o-f how a s t r a i n  o-f r h i z o b i a  e s t a b l i s h e s  i t s  own 
community a- f ter  i t  e n t e r s  s o i l ,  where indigenous r h i z o b i a  are in 
l a r g e  numbers, has r e c e n t l y  been o-f i n t e r e s t  to  m i c r o b i o l o g i s t s .
When la rg e  p o p u la t io n  o-f n a t i v e  r h i z o b i a  are in s o i l s ,  o n ly  a smal l  
pe rc en t  o-f nodules are -formed by in o c u la n t  r h i z o b i a  (Johnson e i  al . ,  
1965;  Boonkerd e_t a j_ . , 1 9 7 8 ) .  However, when R. .iapoincum s t r a i n
110,  a c o m p e t i t i v e  s t r a i n ,  was in t roduced  in high numbers to s o i l  
w i t h  a high indigenous r h i z o b i a l  p o p u l a t i o n ,  number o-f nodules  
formed by in o c u la n t  r h i z o b i a  was q u i t e  low,  l e s s  than 10X,  dur in g
f i r s t  f o u r  y e a r s .  During the f i f t h  year  the re co v ery  of  the
in o c u la n t  s t r a i n  in creased to  29-3371, and rose to 5 4X in the seventh  
y e a r .  T h is  s t r a i n  had become c o m p e t i t i v e  w i t h  n a t i v e  r h i z o b i a  and 
formed a h ig h e r  percentage  of  nodules  on the soybean r o o t s  (Dunigan ,  
1 9 8 4 ) .
27
IV* Movement of R h iz o b ia  in S o i l s
In order  -for n o d u la t io n  to  occur as a r e s u l t  o-f i n o c u l a t i o n ,  
r h i z o b i a  must m ig ra t e  or be t r a n s p o r t e d  -from the in o c u la t e d  seed to  
the in - fec t ion  s i t e s  o-f the d e v e lo p in g  r o o t  system. Movement of  
r h i z o b i a  must occur in both the v e r t i c a l  and h o r i z o n t a l  d i r e c t i o n s .
A.  V e r t i c a l  Movement 
S o i l  a c ts  as a f i l t e r  to r h i z o b i a .  When legume seeds were  
in o c u la t e d  a t  the s o i l  s u r fa c e  w i t h  the r h i z o b i a ,  o n ly  the upper  
p a r t  of  the ro o t  system produced n o du les .  When r h i z o b i a  were 
in o c u la t e d  a t  a 20 cm depth ,  o n ly  the deeper r o o t s  were n o d u la te d .  
R h iz o b ia  d id  not move r e a d i l y  through the s o i l  (Nobbe, 1 89 2 ) .  The 
f i l t e r  e f f e c t  v a r i e d  w i t h  s o i l s  and depth <H u n ter ,  1 9 1 7 ) .  When 
r h i z o b i a  were e l u t e d ,  wet  and dry  s o i l s  d i f f e r e d  in t h e i r  a b i l i t y  to  
r e t a i n  r h i z o b i a .  More c e l l s  were r e t a i n e d  on dry  m a r t r i c e s  than 
n e a r l y  s a t u r a t e d  s o i l s .  P o s s i b l y ,  r h i z o b i a l  gums ac ted  as s t i c k e r s  
i n dry  so i 1s .
V e r t i c a l  movement of  r h i z o b i a  depends on t r a n s p o r t i n g  a g en ts ,  
one of  which is w a t e r .  In  growth chambers t e s t s  w i t h  s t e r i l i z e d  
a l f a l f a  and c l o v e r  seeds,  the r h i z o b i a  were i n o c u la t e d  at  one end of  
the boxes.  Movement may have been due to the d i f f u s i o n  in the s o i l  
w a t e r ,  a id ed  by the m o b i l i t y  of  the organisms and t h e i r  r a p i d  
p r o l i f e r a t i o n  ( B a l l ,  1 9 0 9 ) .  Another exper im ent  was done w i t h  
soybeans i n o c u la t e d  w i t h  r h i z o b i a .  Water  e n t e r e d  from the s id e  and 
below the growth chambers, red u c in g  the p o s s i b i l i t y  o f  r h i z o b i a  
being  t r a n s p o r t e d  down the len g th  of the growth chamber by wate r  
c u r r e n t .  T h i r t y  f i v e  days a f t e r  i n o c u l a t i o n ,  i t  was found t h a t  a l l  
nodule fo rm a t io n  occurred  w i t h i n  a 17 cm s h a r p ly  d e f i n e d  zone,  w h i l e
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the r o o t s  o f  the rem ain in g  p l a n t s  had none. T h i s  meant t h a t  the  
r h i z o b i a  had t r a v e l e d  or been c a r r i e d  a t  the r a t e  o-f about  0 . 5  cm 
per day < F r a z i e r ,  1 9 2 2 ) .  Movement o-f r h i z o b i a  in s o i l  was c h i e f l y  a 
r e s u l t  o-f w a te r  c u r r e n t  and high m o is tu re  (H u n t ,  1 9 8 0 ) .
The v e r t i c a l  m i g r a t i o n  o-f R. t r i - f o l  i i c e l l s  in s o i l  is  a f f e c t e d  
by s o i l  p r o p e r t i e s ,  C e l l  m i g r a t i o n  in creased  as s o i l  p a r t i c l e  s i z e  
in creased,  and w i t h  w ater  used in c re a s e d .  When a 250 ml funnel  was 
f i l l e d  w i t h  8 cm w a t e r ,  which then e l u t e d  to  the column of s o i l  
c o n t a i n i n g  r h i z o b i a  on the s u r f a c e ,  the m a j o r i t y  o f  r h i z o b i a  were  
h e ld  in the s u r fa c e  1 cm, w h i l e  w i t h  245 cm o f  w a te r  the r h i z o b i a  
accumulated in the middle l a y e r .  When coarse sand was mixed w i t h  1 'A
peptone ,  CaCl 2 ( k a o l i n i t e ,  v e r m i c u l i t e ,  or b e n t o n i t e ,  and e l u t e d  
w i t h  200 ml of w a t e r ,  the r h i z o b i a  were found o n ly  in the top 1 cm 
l a y e r  in a dry  sand, and in the top 7 cm o f  wet  sand.  R h izo b ia  were 
r e t a i n e d  in the midd le  l a y e r  when sand was mixed w i t h  peptone or  
CaCl2  (Ham di , 1 9 7 4 ) .  In a f i e l d  t e s t  of  r h i z o b i a l  m i g r a t i o n  in a 
s i l t  loam, b a c t e r i a  moved s lo w ly  u n le ss  c a r r i e d  by the host  p l a n t ,  
r a i n ,  e t c .  ( F r a z i e r ,  1 9 2 2 ) .
R h iz o b ia l  movement was a ls o  i n f l u e n c e d  by s o i 1 - w a t e r  t e n s io n .  
Movement slowed w i t h  in c r e a s i n g  w a t e r  te n s io n  and ceased when 
w a t e r - f i l l e d  pores became d isco n t in u o u s  (Hamdi,  1 9 7 1 ) .  N o d u la t io n  
of legumes grown in dry  s o i l  co u ld  be r e s t r i c t e d  by f a i l u r e  of  
m i g r a t i o n  of  seed inoculum.
In c o n c lu s io n ,  the w a te r  c o n d i t i o n s  which p e rm i t  movement of  
b a c t e r i a  over a p p r e c ia b le  d is t a n c e s  are summarized by G r i f f i n  (1 9 4 8 )  
as f o l l o w s :
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1) “B a c t e r i a  w i l l  depend upon cont in uous  w a te r  pathways -for 
t h e i r  movement to  s u b s t r a t e s  because they  lack  a hyphal system to  
b r id g e  a i r  space.  2)  Even though pores are  w a te r  - f i l l e d ,  b a c t e r i a  
w i l l  not  be ab le  to  move a p p r e c i a b ly  i f  the r e l e v a n t  pore neck a re  
too s m a l l .  For a rod-shaped  b a c t e r i a ,  a pore neck o-f r a d i u s  1 .0  -
1 . 5  u is  l i k e l y  t o  r e s t r i c t  s e v e r e l y  the r a t e  o-f passage ,  whether by 
Brownian or - f l a g e l l a  movement. Such a pore neck r a d i u s  is
e q u i v a l e n t  to a s u c t io n  o-f pF 3 . 0  -  3 . 2  ( G r i f f i n ,  l ? 6 3 a ) ,  and i f  the
m a t r i c  s u c t io n  exceeds t h i s  v a l u e ,  th e re  w i l l  be no w a t e r - f i l l e d  
pores in the s o i l  s u f f i c i e n t l y  l a r g e  to p e r m i t  easy passage of  the
r h i z o b i a .  3) Even though the watei— f i l l e d  pore s i z e  is  r e q u i s i t e ,  
the cont inuous pathway is  n e cessary ,  which depends on the pore s i z e  
d i s t r i b u t i o n  w i t h i n  the m a t r i x .  4)  I f  le nses  of  w a te r  a s s o c ia t e d  
w i t h  the c o n ta c t  p o i n t s  o f  the s o i l  p a r t i c l e s  are in c o n t a c t ,  
movement of  b a c t e r i a  may be of l i m i t e d  e x t e n t  f o r  con t in u o u s  water  
p a t h w a y s ."
Other t r a n s p o r t i n g  agents  a ls o  he lp  the movement of r h i z o b i a .  
Madsen and A lexander  <i?B2)  observed t h a t  r h i z o b i a  were not  
t r a n s p o r t e d  below 2 . 7  cm in mois t  s o i l  in the absence of  some 
t r a n s p o r t i n g  agent or in the presence of  d e v e lo p in g  soybean r o o t s .  
P e r c o l a t i n g  w a te r  and burrowing earthworms ( Lumbrcus r u b e l u s ) 
enhanced the v e r t i c a l  t r a n s p o r t  o f  P. put  i d a . but  had a sm a l le r
e f f e c t  on R, japon i cum.
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B. L a t e r a l  Movement
R h izo b ia  can move l a t e r a l l y  under di - f - ferent  s o i l  c o n d i t i o n s .
In  s t e r i l i z e d  s o i l  s a t u r a t e d  w i t h  w a t e r , Psedomonas r a d i c  i c o l a  moved
o
h o r i z o n t a l l y  a t  the r a t e  o-f about 2 . 5  cm in 48 hours a t  25 C. In
r e l a t i v e l y  d ry  s o i l s ,  the movement o-f the bac te r ium  was reduced to
o
about 2 . 5  cm in 72 hours .  When the tem perature  was 10 C, the r a t e  
ot progress  ot  P. rad i  c i col a was o n ly  about 2 . 5  cm in 72 hours 
(K e l le rm an  ej. a j_ . , 1 9 0 7 ) .  Movement was assumed to be due to growth 
ot the organisms ( F r a z i e r ,  1 9 2 2 ) .  In  a t i e l d  s tu d y ,  r h i z o b i a  o t t e n  
t a i l e d  to  m ig ra te  trom the o r i g i n a l  rows i n t o  s o i l  between the rows 
(C hate l  and Greenwood, 1 9 73b ) .  However,  wind and w a te r  a id ed  the 
l a t e r a l  d is p e r s io n  ot  R. me! i 1 ot  i in the t i e l d  (Robson arid 
Lonergan,  1 9 7 0 ) .  Rh izobium t r  i t o ! i  i was tound to move 5 cm 
l a t e r a l l y  trom an i n o c u la t e d  row to an u n in o c u la t e d  row ot  p la n t s  at  
h a r v e s t  t ime in the t i e l d  (C h ate l  ejt. a l_ . , 1 9 6 8 ) .  Rh izobi  um t r  i t o l  i i 
moved among p l o t s  due to  l a t e r a l  movement ot r a i n  w a te r  through s o i l  
(B rockw el l  et. a l , . , 1 9 7 2 ) .
Chemotaxis was a l s o  cons id ered  to be r e s p o n s i b l e  t o r  h o r i z o n t a l  
movement. The s o t t  agar assay was used in the t e s t  ot  severa l  
r h i z o b i a l  spp. t o r  chemotact ic  responses.  The m i g r a t i o n  ot  b a c t e r i a  
in c hem o tac t ic  bands is  a response to substances  p re sen t  in agar  
medium. Rhizobium japonicum s t r a i n  110 tormed chem otac t ic  bands in 
response to  L - a r a b i n o s e ,  L - c a n a v a n i n e , and yea s t  e x t r a c t  but  not to  
seve ra l  o t h e r  common compounds, in c l u d i n g  seve ra l  amino a c id s  and 
su g ars .  These r e s u l t s  suggested t h a t  s imple  compounds pre sen t  in 
legume r o o t  exudates may a t t r a c t  these b a c t e r i a  ( H u n t e r ,  1 9 8 0 ) .
31
V . S o i 1 - R h i z o b i a  R e l a t i o n s
To understand movement o-f r h i z o b i a  in s o i l s ,  a b e t t e r  knowledge 
o-f the r e l a t i o n s h i p  between s o i l  and r h i z o b i a  is  r e q u i r e d .  One 
c o n s id e r a t i o n  is the s o r p t i v e  i n t e r a c t i o n  between b a c t e r i a  and s o l i d  
c o n s t i t u e n t s  o-f s o i l ,  depending on the r e l a t i v e  s i z e  o-f both the 
b a c t e r i a  and s o i l  p a r t i c l e s  i n v o lv e d .  They a r e ,  ad so rp t io n  o-f 
microorganisms on l a r g e  s o i l  p a r t i c l e s ,  a d s o rp t io n  between b a c t e r i a  
and s o i l  c o l l o i d s  o-f a p p r o x im a te ly  the same d imensions ,  and
ad s o rp t io n  of  v e ry  smal l p a r t i c l e s  on r h i z o b i a  ( Z v y a g i n t s e v ,  1 9 6 2 ) ,  
When b a c t e r i a  are adsorbed to l a r g e  s o i l  p a r t i c l e s ,  the 
organisms are  unevenly  d i s t r i b u t e d  over the  s u r fa c e  of  the p a r t i c l e s  
( Z v y a g i n t s e v ,  1942; Gray e±  a1_., 1968;  M a r s h a l l ,  1 9 7 1 ) .  T h i s  has 
l e d  to  p r o l i f e r a t i o n  w i t h  minimal  i n t e r a c t i o n  w i t h  a d ja c e n t  spec ies  
in n e ig h b o r in g  m i c r o h a b i t a t s .  G e n e r a l l y ,  the in t e r c o n n e c t in g
br id g e  was w a t e r .  The uneven d i s t r i b u t i o n  of  charge on c l a y ,
depending on pH, ion ty p e ,  and io n ic  s t r e n g t h  of  the s o i l  s o l u t i o n ,
are a ls o  re s p o n s ib le  f o r  magnitude of  s o r p t i o n .
R e v e r s ib le  s o r p t io n  and permanent adhesion are invo lv ed  in the 
above r e a c t i o n s .  " R e v e r s ib le  s o r p t io n  is  a balance  between
a t t r a c t i v e  van der Waals f o r c e s  and r e p u l s i o n  due to  e l e c t r i c a l  
d o u b l e - l a y e r  e n e r g i e s .  Mic ro organisms are a t t r a c t e d  t o  s u r fa c e s  of  
l i k e - c h a r g e  under c o n d i t i o n s  where van der  Waals a t t r a c t i o n  e n erg ies  
exceed the double l a y e r  r e p u ls io n  e n e r g i e s .  In  t h i s  c o n d i t i o n , ,  the 
microorgan isms are h e ld  a t  a smal l  but  f i n i t e  d i s t a n c e  from the 
s u r f a c e .  R e v e r s ib le  s o r p t io n  can be e a s i l y  removed by a g i t a t i o n  or 
by overcoming the shear f o r c e ,  i . e . , b y  f l a g e l l a r  motion of  m o t i l e  
m icro organism,  or by re duc in g  the e l e c t r o l y t e  c o n c e n t r a t io n  to a
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p o i n t  where the organisms are r e p e l l e d  -from the s u r f a c e " ,  A 
r e v e r s i b l e  process can be d e scr ib e  in a general  -form o-f the 
e q u a t io n :  B + C = BC, where B is  the b a c t e r i a ,  C is  the c la y  
p a r t i c l e s ,  and BC is  the b a c t e r i a - c l a y  complex. Every process  
causing  a decrease in the c o n c e n t r a t i o n  o-f adsorbed c l a y  moves the 
r e a c t i o n  to the l e f t ,  thus d i s r u p t i n g  the b a c t e r i a - c l a y  complex 
(Lah av ,  1 9 6 2 ) .
Permanent adhesion o-f m icroorgan isms re - fers  to  anchor ing o-f 
microorgan isms to  s o l i d  sur-faces by polymer b r i d g e s ,  which ensures  
t h a t  the organisms remain a t t a c h e d  even when s u b s t a n t i a l  shear  
- forces are appl ied .
A . Mechanism o-f S o r p t i v e  I n t e r a c t i o n  between So i l  P a r t i c l e s  
and Microoroan isms
B a c t e r i a - s o i 1 p a r t i c l e  i n t e r a c t i o n s  are very  complex and 
s e v e r a l  s o r p t i v e  mechanisms are i n v o lv e d .  Type o-f b a c t e r i a  is  
g e n e r a l l y  assumed to be v e ry  impor tant  in t h i s  s o r p t i v e  process  
(Dianowa e_t a j_ . , 1 9 2 5 ) .  However,  l a r g e  d i f f e r e n c s  in s o r p t i v e  
c a p a c i t y  are a l s o  Known to e x i s t  in v a r i o u s  adsorbents  and s o i l s  
(Es te rm an ,  1 9 5 9 ) .  A ls o ,  the a d s o rp t io n  is  r e l a t e d  to b a c t e r i a l  
c o n c e n t r a t i o n .  The n a tu re  o f  a d s o rp t io n  of  B. subt  i 1 i s on k a o l i n  
p a r t i c l e s  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  b a c t e r i a l  suspensions 
commencing from a low va lu e  was in a S-shape c u rv e ,  in which 
a d s o r p t io n  o f  b a c t e r i a  become e a s i e r  as c o n c e n t r a t i o n  rose u n t i l  
maximum ad s o rp t io n  was o b t a in e d .  In  the process of  some 
a d s o r p t i o n s ,  the re  was a " c o - o p e r a t i v e  e f f e c t ” where presence of
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adsorbed molecu les  - f a c i l i t a t e  the ad so rp t io n  o-f more m olecu les  in 
n e ig h b o r in g  p o s i t i o n s  <Kr i shnamurt i et. a l_ . , 1 9 51 ) ,
Adsorp t ion  o-f b a c t e r i a  decreases the e l e c t r o p h o r e t i c  v e l o c i t y  
o-f p a r t i c l e s .  Measurments of  e l e c t r o p h o r e t i c  v e l o c i t y  of  k a o l i n  and 
b a c t e r i a l  suspension of  B, s u b t i 1 is  has r e v e a l e d  t h a t  a d d i t i o n  of  
the b a c t e r i a l  suspension to  k a o l i n  causes a very  marked decrease  in 
e l e c t r o p h o r e t i c  v e l o c i t y  o f  k a o l i n  p a r t i c l e s .  The m i g r a t i o n  
v e l o c i t y  of the kaol  i n - b a c t e r i a  complex was reduced to  about the 
same value as t h a t  of  b a c t e r i a .  T h i s  o b s e r v a t io n  in d i c a t e d  t h a t  the 
su r fa c e  of k a o l i n  p a r t i c l e  is a l t e r e d  by a d s o rp t io n  of b a c t e r i a .  
The b a c t e r i a  con v er t  the s u r fa c e  of  p a r t i c l e s  i n t o  ones which  
c l o s e l y  resembles the su r fa ce  of  b a c t e r i a  <Krishnam urt i  e i  a l . .  
1 9 5 1 ) .
To understand a d s o r p t io n ,  i t  i s  necessary  to know the 
f u n c t i o n a l  groups on the r h i z o b i a l  s u r f a c e .  “The m o b i l i t y  of  
r h i z o b i a  was measured as e l e c t r o p h o r e t i c  p r o p e r t i e s .  The 
e l e c t r o p h o r e t i c  m o b i l i t y  of  £ .  t r  i f o l i  i s t r a i n  TA1 was r e l a t i v e l y
constan t  d u r in g  the e a r l y  and l a t e  phases of  growth ,  but  e x h i b i t e d  a
temporary  sharp increase in the l a t e  l o g a r i t h m i c - e a r l y  s t a t i o n a r y  
phase.  The d e t e r m i n a t i o n  of  e l e c t r o h o r e t i c  m o b i l i t y  of  r h i z o b i a  
i n d i c a t e d  t h a t  the s u r fa c e  of  the s low-growin g  b a c t e r i a  and s t r a i n  
TA1 c o n ta in e d  o n ly  a c i d i c  ( c a r b o x y l )  groups whereas those o f  the 
f a s t - g r o w i n g  s t r a i n s  c o n ta in  a predominance o f  a c i d  groups along  
w i t h  some bas ic  (amino)  group1 ( M a r s h a l l ,  19(47).
Since both p a r t i c l e s  and b a c t e r i a  have a net  n e g a t iv e  charge a t  
normal s o i l  pH l e v e l s  (K r is h n a m u r t i  e i  a ]_ . , 1951 and Chudiakow,
1 9 2 6 ) ,  e l e c t r o s t a t i c  a t t r a c t i o n  p la y s  some r o l e  in a d s orp t io n
process.  One mechanism may be a " c a t i o n  b r id g in g  " .  Both 
microorganisms and s o i l  p a r t i c l e s  can possess p o s i t i v e l y  charged 
s i t e s  on predom inant ly  n e g a t i v e l y  charged s u r fa c e ;  i . e .  ca t io n s  
adsorbed on the sur face  of s o i l  p a r t i c l e s .  D i f f e r e n t  microorgaisms  
vary  in t h e i r  a b i l i t y  to  be sorbed on s o i l s  (Dianowa aj_ . , 1 925 ) ,  
c la y  <S to t 2 y ,  1968; Sunnison,  1 9 3 7 ) ,  and ion exchange re s in s  
(Z v y a g in ts e v ,  1962 and Rotman, 1 9 6 0 ) .  S e r r a t  i a marcescans are
a t tac he d  to  s o i l  p a r t i c l e s  because of p o s i t i v e  charges on t h e i r  
su r fa c e s  ( 2 v y a g i n t s e v , 1 9 6 2 ) .  The a b i l i t y  of a microorganisms to be 
sorbed a lso  v a r i e s  w i t h  the c o n d i t io n s  under which the organism is  
c u l t u r e d  ( P e e le ,  1936; Z vy a g in ts e v ,  1959 ) .  Dead b a c t e r i a l  c e l l s  
appear to  behave in a fash ion  s i m i l a r  to  l i v i n g  c e l l s  ( S t o t z k y ,  
1 9 68 ) .
Degree of ad sorp t io n  in crease s as the net  n eg at iv e  charge on 
the adsorbent  decreases since  coulombic fo r c e s  are important  in 
these ad sorp t ion  processes (D K sen t ia n ,  1 9 40 ) .  Sur faces w i t h  a lower  
net  n eg at ive  charge may have some p o s i t i v l e y  charged s i t e s .  On the 
b asis  of  e l e c t r o p h o r e t i c  measurements, the i s o e l e c t r i c  p o in t  of  
b a c t e r i a l  c e l l s  in s o i l s  may be s h i f t e d  to h igher pH va lues  than are 
found i n  v i t r o  ( S t o t z k y ,  1 9 6 7 ,1 9 6 8 ) .  Peele separa ted  a p o s i t i v e l y  
charged f r a c t i o n s  from a s o i l  to  study the e f f e c t  o f  ca t io n  
s a t u r a t i o n  of  s o i l  p a r t i c l e s  on adsorp t ion  of  b a c t e r i a  by 
e l e c t r o s t a t i c  a t t r a c t i o n .  He found t h a t  b a c t e r i a l  c e l l s  were 
adsorbed in d i f f e r e n t  ways. There was a sharp increase in 
adsorp t io n  of Azobobacter to s o i l  p a r t i c l e s  in s i l t  loam as the 
va lency  of s a t u r a t e d  c a t io n  was increased from mono- to the d i -  and 
to the t r i v a l e n t  s t a t e .  Adsorp t ion between m i c r o b ia l  c e l l s  and c lay
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m in e r a ls  increased as the e l e c t r o k i n e t i c  p o t e n t i a l  of  the p a r t i c l e s  
was decreased by the p o l y v a le n t  c a t i o n s .  Under l a b o r a t o r y  
c o n d i t i o n s ,  the b a c t e r i a  adsorbed to montmori11 o n i t e  on ly  when the  
c e l l s  were p o s i t i v e l y  charged ( i . e .  the pH of the ambient s o lu t i o n  
was less  than the i s o e l e c t r i c  p o i n t ) ,  and c l a y  remained n e g a t i v e l y  
charged.  The g r e a t e r  degree of adsorp t ion  was a t  a lower pH value  
compared to the net  p o s i t i v e  charge on the b a c t e r i a l  c e l l s .  
T h e r e f o r e ,  the h igher  degree of ad so rp t io n  by c l a y s  s a t u r a t e d  w i th  
p o ly v a l e n t  c a t io n s  may r e s u l t  f rom a “c a t io n  br id g e"  formed between 
c a t io n s  on c la y s  and b a c t e r i a l  s u r f a c e s .  Under n a t u r a l  c o n d i t io n s ,  
both mutual adsorp t ion  and adsorp t io n  of  b a c t e r i a  by la rg e  s o i l  
p a r t i c l e s  occurs a t  pH va lu es  above the i s o e l e c t r i c  p o in t  and in the 
absence of la rg e  q u a n t i t i e s  of t r i v a l e n t  c a t io n s  ( S t o t z k y  and 
B y s t r i c k y ,  19 6 9 ) .
In s o i l s ,  some p o s i t i v e l y  charged n u t r i e n t  m olecu les ,  which 
r e s u l t  in fo rm at ion  of  a d i f f u s e  double l a y e r ,  can provide  
e l e c t r o s t a t i c  a t t r a c t i o n s  f o r  n e g a t i v e l y  charged b a c t e r i a  and at the 
same t ime give a f a v o r a b le  c o n c e n t ra t io n  of  n u t r i e n t  m a t e r i a l  to  
pi an ts .
Once c e l l s  are a t ta ch ed  to the s u r f a c e ,  they  may produce a 
m ucilag inous h o l d f a s t  m a t e r i a l  causing more permanent b in d in g  to the 
p a r t i c l e  sur face s  ( Z o b e l l ,  1 9 4 3 ) .  B a c t e r i a l  p o ly sacch ar id es  and 
f l a g e l l a  may prov id e  a means o f  b in d in g  c e l l s  to  s o i l  p a r t i c l e s .  
P i l i  may be even more important  in t h i s  a d s orp t io n  process,  s ince  
they are very  numerous and can a l t e r  the ne t  sur face  charge d en s i ty  
of c e l l s  ( B r in t o n  et. a1_., 1960$ Feharman, 1 9 7 8 ) .
Adsorpt ion  of  A1 to b a c t e r i a  has a ls o  been s t u d i e d .  M i c r o -
36
e l e c t r o p h o r e t i c  methods used to  dete rmine  the ad so rp t io n  of  A1 a t  pH
4 . 5  ( M a r s h a l l ,  1 9 7 7 ) .  Very  l i t t l e  i n t e r a c t i o n  was observed between 
A1 and n e g a t i v e l y  charged,  s lo w l y  growing r h i z o b i a  (Bushby,  1 9 8 2 ) .  
T h i s  was si mi l a r  to  d a ta  o b ta in ed  -from Baci 1 lu s  subt  i 1 is  i ,e ■ A1 d id  
not adsorb to t h i s  G r a m -p o s i t i v e  b ac te r iu m  (B e ver id g e  and M urra y ,  
1 9 7 6 ) .  Bushby (1 9 8 2 )  s t a t e d  t h a t  -for s lo w -grow in g  r h i z o b i a ,  i t  is  
u n l i k e l y  t h a t  A1 i n t e r f e r e s  in nodule fo r m a t io n  by a d s o rp t io n  to the 
r h i z o b i a l  s u r f a c e .  Consequen t ly ,  no i n t e r u p t i o n  of  the r e c o g n i t i o n  
events  which take p lace  between the host  and s t r a i n  occurs .
B. A d so rp t io n  of  M icrooroan isms by Small S o i l  P a r t i c l e s
There are th re e  d i f f e r e n t  ways f o r  t h i s  type of  a d s o r p t io n :  1)  
f a c e - t o - f a c e  s o r p t i o n  w i t h  the broad p a r t i c l e  ( p l a t e l e t )  s u r fa c e  
f a c i n g  the b a c t e r i a l  s u r f a c e ;  2) e d g e - t o - f a c e  s o r p t io n  w i t h  the  
edge of the p l a t e l e t s  f a c i n g  the b a c t e r i a l  f a c e ;  3)  mixed s o r p t io n  
w i t h  p l a t e l e t s  sorbed in both ways.
Envi ronmenta l  c o n d i t i o n s  a f f e c t  the type o f  a d s o r p t i o n .  The 
net  charge on these p l a t e l e t s  is  n e g a t i v e ,  but  a t  pH value below 
7 . 0 ,  the edge of  the p l a t e l e t s  are p o s i t i v e l y  charged.  T h e r e f o r e ,  
a l l  th re e  types  o f  o r i e n t a t i o n  could  occur depending on the
e x p e r im e n ta l  c o n d i t io n s  (O lp hen ,  1 9 6 3 ) .
The amount of  c l a y  adsorbed per u n i t  a r e a  o f  c e l l  sur face  was 
r e l a t e d  to the n a tu re  of  the s u r fa c e  io n ic  group of  b a c t e r i a
( M a r s h a l l ,  1 9 6 8 ) .  The ad so rp t io n  by c l a y  o f  the spec ies  of  r h i z o b i a
w i t h  o n ly  a c i d i c  ( c a r b o x y l )  su r face  groups was compared to o th e r
spec ies  possess ing a predominance o f  a c i d i c  and some b as ic  (amino)  
groups ( M a r s h a l l ,  1 9 6 7 ) .  C e l l s  w i t h  a simple  carboxy l  group on the
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s u r f a c e  sorbed a p p r o x im a te ly  tw ice  as much Na-montm ori11 o n i t e  or Na~ 
i l l i t e  as c e l l s  w i t h  a complex carboxyamino s u r f a c e ,  s ince  the 
p o s i t i v e l y  charged edge o f  the c la y s  were a t t r a c t e d  to the  
n e g a t i v e l y  charged s u r fa c e s  o f  c e l l s .  V e ry  l a r g e  amounts of  c la y  
are sorbed per u n i t  a re a  o f  c e l l  s u r fa c e  in t h i s  type of  
e d g e - t o - f a c e  a s s o c i a t i o n  ( M a r s h a l l ,  1 9 6 9 ) .  In  b e n t o n i t e ,  the
a d s o rp t io n  by N a -  s a t u r a t e d  b e n t o n i t e  p a r t i c l e s  inc reas e d  w h i l e  t h a t  
of  C a - s a t u r a t e d  b e n t o n i t e  decreased m o b i l i t y  o f  B. subt  i 1 i s . As the  
c o n c e n t r a t io n  of  b e n t o n i t e  in c re a s e d ,  the adsorbed b e n t o n i t e  on 
b a c t e r i a l  s u r fa c e  increased (Lahau ,  1 9 6 2 ) .  However,  the re  was no 
obvious r e l a t i o n  between the s u r f a c e  charge d e n s i t y  of  r h i z o b i a  and 
c l a y  adsorbed.
The i n t e r a c t i o n  between b a c t e r i a  and co n s tan t  s u r fa c e  p o t e n t i a l  
c o l l o i d s  a ls o  depends upon m o b i l i t y  o f  c o l l o i d a l  m in e ra l  f r a c t i o n .  
For i n s t a n c e ,  the amount of w a t e r - d i s p e r s e d  c l a y  (WDC) might be 
r e l e v a n t  ( G i l i m a n ,  1 9 7 4 ) .  The amount of  WDC co n ta in ed  in a s o i l  is  
u s u a l l y  governed by the presence of s u r f a c e  charge on the c l a y .  The 
g r e a t e r  the excess,  the e a s i e r  the c l a y  is  d is p e r s e d .  In less  
weathered  s o i l s  w i t h  s i g n i f i c a n t  q u a n t i t i e s  of h i g h l y  charged  
m ontmor i1 I o n i t i c  c l a y s ,  b a c t e r i a  cou ld  be r a p i d i l y  coated  by c l a y s .  
In  many t r o p i c a l  s o i l s  w i t h  m i n e r a l s  of  low e l e c t r o s t a t i c  r e p u l s i o n ,  
l e s s  enveloped b a c t e r i a  were found .  T h i s  was due to  t h e i r  low 
a c t i v i t y ,  and the amount of  WDC could  be n e g l i g i b l e .  Under these  
c i rc u m sta n c e s ,  s u r fa c e  c o a t in g s  o f  c l a y  by b a c t e r i a  m ig ht  take  
lo nger  to  fo rm . T h i s  could  have an e f f e c t  on the eco logy  of  
r h i z o b i a  ( M a r s h a l l ,  19 6 9 b ) .
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Other f a c t o r s ,  such as the c o a t i n g  of  p a r t i c l e s  by inorgan ic  
and o rgan ic  m o lecu les ,  can a l s o  a l t e r  the charge of  the s u r f a c e ,  as 
w e l l  as the n u t r i e n t  s t a t u s  and pH o f  surround ing  p a r t i c l e s .  Bushby 
(1 9 8 2 )  s t a t e d  t h a t  the occurrence  of  p i l i  ( f i m b r i a e )  on b a c t e r i a l  
s u r fa c e  enhanced adhensive p r o p e r t i e s  and are  co n s id ered  to  be o f  
e c o l o g ic a l  s i g n i f i c a n c e .
C. Adsorp t io n  of  R h iz o b ia  by the Roots  
The r h iz o s p h e re  i s  the r e g io n  of  s o i l  which ,  is  a f f e c t e d  by 
l i v i n g  p l a n t  r o o t s  and in c lu d es  s o i l  im media te ly  a d ja c e n t  to the  
r o o t  s u r f a c e .  I t  ex tends about 20 mm d is t a n c e  from the r o o t .  T h i s  
reg io n  is  c h a r a c t e r i z e d  by the g r e a t e s t  chemical  and m ic r o b ia l  
a c t i v i t y  ( H i l t n e r ,  1 9 0 4 ) .
In order  to  have good n o d u l a t i o n ,  r o o t  h a i r s  have to  adsorb  
r h i z o b i a  on t h e i r  s u r f a c e .  T h i s  ad s o rp t io n  is  r e l a t e d  to host  
s p e c i f i c i t y .  A d sorp t io n  of  i n f e c t i v e  s t r a i n s  of  R. t r  i f p i i  i to  
c l o v e r  ro o t  h a i r s  was fo u r  to f i v e  t imes more than t h a t  of 
n o n i n f e c t i v e  R. me! i l o t  i (Dazzo e_t a j_ . , 1 9 7 6 ) .
T rasmiss io n  and scanning e l e c t r o n  m ic ro s co p ic  o b s e rv a t io n s  
r e v e a le d  t h a t  the rh iz o s p h e re  of  T r  i f o l i  um subterraneum had b a c t e r i a  
a s s o c i a t e d  w i t h  i t .  The b a c t e r i a  v a r i e d  g r e a t l y  in c e l l  morphology  
and c e l l  w a l l  s t r u c t u r e .  However,  the r h iz o s p h e r e  of  Paspalum 
d i 1atatum c o n s is t e d  of  a t h i c k  l a y e r  of  i n t a c t  o rg an ic  m a t t e r  
( F o s t e r  and R o v i r a ,  1976;  R o v i r a ,  1 9 7 8 ) .
Scanning e l e c t r o n  m icro graphs  o f  r o o t s  o f  J .  subterraneum  
showed t h a t  b a c t e r i a  were on the bare r o o t  s u r f a c e ,  and were
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■frequent ly enclosed by t h e i r  own p o ly s a c c h a r id e s  and enveloped by 
c l a y  ( R o v i r a ,  1 9 7 8 ) .
The b a c t e r i a  f a r t h e r  away from the r o o t s  are enveloped by
e i t h e r  c la y  or p l a n t  produced m u c i la g e .  There  are e x c e p t io n s ,  such 
as a t  l a t e r a l  r o o t s ,  where enhanced p r o l i f e r a t i o n  of b a c t e r i a l  
a c t i v i t y  might  be expected  to  occ u r .  However,  these r eg io n s  are  
f r e q u e n t l y  the s i t e s  of  nodule fo rm a t io n  by legumes. I n t e r a c t i o n  
between r h i z o b i a  and o th e r  organisms in the r h iz o s p h e r e  could  a ls o  
determ ine  the  a b i l i t y  of  r h i z o b i a  to  form a s u f f i c i e n t l y  la rg e  
p o p u la t io n  f o r  nodule fo rm a t io n  < d a r t t ,  1 9 7 4 ) .
Moreover,  some r o o t  exudates  can a t t r a c t  r h i z o b i a .  These 
exudates are l o c a l i z e d  a t  the growing t i p  o f  tap and l a t e r a l  r o o t s ,  
as w e l l  as a t  the p o in t  of  r o o t  emergence.  They in c lu e d  g lu tam ic  
a c i d  and homoserine which is  used by r h i z o b i a  as a source of carbon  
and n i t r o g e n .  A l s o ,  t h e r e  have been some u n i d e n t i f i e d  amino a c id s  
in the exudates (Van E g e r a a t ,  1975a,  b, c ,  d,  e ,  197<5). Some of  
them s t i m u l a t e  growth of  r h i z o b i a l  s t r a i n s  of  d i f f e r e n t  c ross  
i n o c u l a t i o n  groups,  w h i l e  o th e rs  do n o t .
The chemotact ic  response of  r h i z o b i a  to r o o t  exudates was 
m o n i to red  by C u r r i e r  and S t ro b e l  <1976) and V i t t a l  and P a t i l  ( 1 9 7 8 ) .  
The exudates  were s e p a ra te d  in t o  a n i o n i c ,  c a t i o n i c ,  and n e u t r a l
f r a c t i o n s  f o r  d e t e r m in a t i o n  of  t h e i r  chem otac t ic  c h a r a c t e r i s t i c s .  
The response was the g r e a t e s t  to c a t i o n i c  f r a c t i o n s ,  in t e r m e d ia t e  to  
the n e u t r a l  f r a c t i o n s ,  and the l e a s t  to the a n io n i c  f r a c t i o n s .
H i s t i d i n e  from the c a t i o n i c  f r a c t i o n  s t r o n g l y  a t t r a c t e d  r h i z o b i a .  
The p o s i t i v e  ch em o tac t ic - res p on ses  of r h i z o b i a l  s p ec ies  were toward  
pea r o o t  e x t r a c t s .  However,  they could not f i n d  the s p e c i f i c
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a t t r a c t i o n  to a range of r h i z o b i a l  spec ies f o r  a g ly c o p ro t e in  
e x t r a c t e d  from Lotus c o r n i c u l a t u s . T h is  might demonstrate l i t t l e  
importance of  chemotaxis in the n o d u la t io n  process ( C u r r i e s  and 
S t r o b e l , 1977 ) .
D. Adsorpt ion  of Microoroanism by So i l  Organic N a t t e r
Rh izob ia  can be adsorbed and su rv iv e  very  w e l l  in p e a t .  Peat  
c u l t u r e s  g r e a t e r  than one month o ld  s t i l l  conta in ed  r h i z o b i a  which  
were s t r u c t u r a l l y  s i m i l a r  to  log-phase  broth c u l t u r e d  c e l l s ,  except  
f o r  the presence of e le c t r o n -d e n s e  re g io n s  between the c e l l  w a l l  
membrane and plasma membrane. There is  an i n t e r a c t i o n  between 
b a c t e r i a  and peat  which is  r e v e r s i b l e .  The c e l l s  are ab le  to 
m ig ra te  throughout peat  v i a  water  f i l m s  co ver in g  the sur face  of  peat  
p a r t i c l e s .
One could assume t h a t  the presence of organic m a t t e r  should be 
b e n e f i c i a l  to s u r v iv a l  o f  r h i z o b i a ,  but t h i s  may not  a lways be t r u e .  
Bushby s t a t e d  t h a t  w i t h  the increase  in s o i l  o rg an ic  m a t t e r ,  the 
m agnitu te  o f  pH decrease can be l a r g e .  The c a t io n  exchange c a p a c i t y  
of these s o i l s  increases because of increased organic m a t te r  
c o n te n ts ,  but  does not  increase in exchangeable c a t io n s  ( W i l l i a m s  
and Donald,  1 9 5 7 ) .  Thus,  the exchange complex may become le s s  
s a t u r a t e d ,  the pH may f a l l ,  and l ime may be r e q u i r e d .  Manganese and 
A1 t o x i c i t y  may occur i f  the pH f a l l  below 5 . 5  and 5 . 0 ,  
r e s p e c t i v e l y .  I t  is  po ss ib le  t h a t  o rgan ic  m a t e r i a l  accumula t ion ,  
accompanied by a d e c l in e  in s o i l  pH, may lead  to  poor p e r s is t e n c e  of 
some s t r a i n s  of r h i z o b i a .
MATERIAL AND METHODS
I n v e s t i g a t i o n s  were conducted in the l a b o r a t o r y  to study the 
movement and adsorp t ion  of R. japonicum in Crevasse sand and Crowley  
s i l t  loam s o i l s .  R. .japonicum 311 bl 10 ( s t r a i n  1 1 0 ) ,  p ro v ided  by 
Dr.  Deane Weber of  USDA l a b o r a t o r i e s  a t  B e l t s v i l l e  Md. ,  was used in 
a l l  s t u d i e s .  Crevasse sand was secured from the M i s s i s i p p i  R ive r  
bank near S t .  G a b r i e l ,  La.  w h i le  the Crowley s i l t  loam was -from the 
Rice Research S t a t i o n ,  Crowley ,  La.  K a o l i n i t e  c l a y  was prov id ed  by 
the T h i e l e  Kaol in  Company of Wrens, C a l i f o r n i a ;  montmori1l o n i t e  was 
from the NL Baro id /NL I n d u s t r i e s  In c .  o f  Houston, Texas.  The 
soybean <61ycine max L. M e r r i l l )  c u l t i v a r  used in these s tu d ie s  was 
D e l t a p in e  345.  The scanning e l e c t r o n  microscope was a H i tac h i  
S-500 .
1 . Chemical and Phys ica l  P r o p e r t i e s  of the S o i l s  and C l a y s .
Chemical and phys ical  ana lyses  o f  the s o i l  and c la y  samples are  
shown in Tab le  2.  F e r t i l i t y  l e v e l s  and o rgan ic  m a t t e r  content  of  
these s o i l  samples were determined by the LSU So i l  T e s t in g  
L a b o r a to ry ,  So i l  pH va lu es  were measured w i t h  a g lass  e l e c t r o d e  and 
a Beckman-Zeromatic pH Meter-Model  SS-3 as o u t l i n e d  by Mclean  
( 1 9 8 0 ) .  So i l  c a t io n  exchange c a p a c i t y  and exchangeable bases were 
determined accord ing to  the method o f  Chapman ( 1 9 6 5 ) ,  and 
exchangeable bases were determined on an I n d u c t i v e l y  Coupled Plasma 
( IC P )  spectro photom eter .  S o i l  p a r t i c a l  s i z e  was determined by the
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T a b le  2 .  Chemical and p h y s ic a l  p r o p e r t i e s  o f  s o i l s  and c l a y s .
I t e m  Crevasse Crowley Kao) in M o n t m o r i l I o n i t e
TEXTURE sand s i l t  loam c l a y c l a y
Sand <X> 85 19
S i l t  <X> 12 78
Clay  <'/.) 3 3 100 100
ION ACTIVITY <pH)
Water  s a t . 4 . 8 6 . 9 4.1 8 . 9
1 : 2 5 . 5 7 . 2 4 . 2 8 . 3
1 : 5 5 . ? 7 . 3 4 . 4 8 . 8
1:10 5 . 8 7 . 3 4 . 6 9 . 4
IN  KC1 4 . 4 6.1 3 . 3 7 . 7
0.01M CaCl 4 . 6 6 . 6 3 . 4 8 . 3
EFFECTIVE ACIDITY
A c i d i t y  (meq/lOOg) 0 . 1 9 0 .1 0 1 .9 9 0 . 1 8
A1 <meq/100g) 0 .1 0 0 . 0 6 1 .9 2 0 . 1 7
EXCH. BASE
Ca (meq/ lOOg) 1 .3 3 7 .1 0 0 . 3 4 2 9 .2 3
Mg <meq/100g> 0 . 0 5 2 . 3 2 0 . 4 6 13 .1 6
K (meq/lOOg) 0 .0 0 0 . 1 5 0 .0 0 1 .3 9
Na <meq/100g> 0 . 0 6 0 .6 1 0 . 0 4 3 8 .0 5
Mn <meq/100g) 0 .0 4 0 . 0 4 0.01 0 . 0 6
Fe (meq/lOOg) 0 .00 0 .0 0 0 .0 0 0 . 1 3
A1 (meq/100g> 0 .0 0 0 . 0 0 0 .0 0 0 .0 0
SUM OF BASES <meq/100g> 1 .4 8 1 0 .2 2 0 . 8 4 8 2 .0 2
'/. BASE SAT. 8 3 . 6 9 8 . 4 1 7 .7 9 9 . 6
EFF. CEC (meq/lOOg) 1 .7 7 1 0 .3 8 4 . 7 6 8 2 .3 7
CEC (meq/ lOOg) 1.51 1 2 .1 5 8 3 . 0 7
P ( u g / g ) 0 . 0 2 0 . 0 3 0 . 0 3 0 . 2 4
S <og /g) 0 . 0 4 0 . 0 6 0 . 1 4 3 . 1 7
Organic m a t t e r  <JO 0 . 1 2 0 . 9 0 0 . 0 3 0 . 1 5
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hydrometer  method <Day, 1 9 6 5 ) .  The c l a y s  were ana lyze d  by D r ,  B. 
M i l l e r  using the X - r a y  d i f f r a c t i o n  method.  The k a o l i n i t e  was f r e e  
of  c o n t a m in a t i o n ,  w h i l e  a smal l  q u a r t z  peak was noted  in the  
montmori11 o n i t e  sample.
I I . C u l t i v a t i o n  o f  R. . japonicum.
E-  Japon icum s t r a i n  110 was i n o c u la t e d  i n t o  a s t e r i l e  b ro th  of  
yeast  e x t r a c t ,  mannito l  agar (Medium 7 9 ) ,  which was prepared  from  
lOg of m a n n i t o l ,  0 .5 g  K2Hpo4 , o .2 g  MgS04 , O . l g  NaCI , 0 .5 g  yeast  
e x t r a c t ,  and O.OOlg CaCOg per l i t e r  of  d i s t i l l e d  w a t e r .  A f t e r  
shaking f o r  seven days,  the number o f  the r h i z o b i a  was about  
108c e l l s / m l  .
I I I .  V e r t i c a l  Movement of R. j a p o n ic u m .
A.  V e r t i c a l  Movement of  R. japonicum in Two D i f f e r e n t  Tex tu red  
S o i 1 s .
S t e r i l i z e d  s o i l s ,  e i t h e r  388 g of  Crevasse sand or 309 g of  
Crowley s i l t  loam, were p la ced  in t o  p l a s t i c  tubes ,  2 . 8  cm in d i a .  
and 40 cm long .  In t r e a tm e n t  1,  1 ml of  the r h i z o b i a l  suspension  
c o n t a i n i n g  1Q8 c e l l s  was i n o c u l a t e d  onto the s o i l  s u r f a c e ,  Water  
was then added to the s o i l  to  b r in g  the whole column to  f i e l d  
c a p a c i t y .  T reatm ent  2 was s i m i l a r  except  t h a t  the w a te r  was added 
im media te ly  b e fo re  i n o c u l a t i o n .  A f t e r  8 days,  s o i l  samples were 
taken by c u t t i n g  the tubes i n t o  4 cm s e c t i o n s .  The number of  
r h i z o b i a  in each s e c t io n  was determ in ed by p l a t i n g .
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B. V e r t i c a l  Movement of  R. japonicum in S o i l s  w i t h  D i f f e r e n t  
C o n c e n t ra t io n s  of C l a y .
S t e r i l e  Crevasse sand and k a o l i n i t e  were used -for t h i s  
ex p e r im e n t .  C lay  was mixed w i t h  a p p r o p r i a t e  q u a n t i t i e s  o-f sand to  
p ro v id e  m ix t u r e s  c o n t a in i n g  0 ,  4 ,  8 ,  10,  or 12 V. c l a y .  The m i x t u r e s  
were p lac ed  i n t o  the columns as p r e v i o u s l y  d e s c r ib e d  except  t h a t  the  
le n g th s  were 20 cm in t h i s  e x p e r im e n t .  R h iz o b ia l  suspensions <1 ml)  
o f  1 0 8  c e l l s  were in o c u la t e d  onto  each column, and w a te r  added to  
b r i n g  them to f i e l d  c a p a c i t y .  S o i l  samples were taken by c u t t i n g  
the tubes in t o  4 cm l e n g t h s ,  and the p l a t i n g  technique was used to  
dete rmine  the number of  r h i z o b i a  in each s e c t i o n .
C. V e r t i c a l  Movement of  R. japonicum w i t h  the Soybean R o o t .
S t e r i l i z e d  Crowley s i l t  loam o f  150 g was p lace d  in t o  p l a s t i c  
tubes as p r e v i o u s l y  d e s c r ib e d .  In  the f i r s t  e x p e r im e n t ,  soybean 
seeds,  p r e v i o u s l y  s t e r i l i z e d  in 75 V. a lcoho l  f o r  3 m in u te s ,  were 
p la n t e d  in the s o i l .  A f t e r  be in g  i n o c u la t e d  w i t h  108ce l l s  of  R. 
jappnicum s t r a i n  110.  Enough w a te r  was then added to the s o i l  to  
b r i n g  i t  to f i e l d  c a p a c i t y .  Water  was not  added d u r in g  the r e s t  of  
the growing p e r i o d .  In experiment 2 the w a te r  was added j u s t  p r i o r  
t o  p l a n t i n g  and i n o c u l a t i o n .  E ig h t  days l a t e r ,  when the r o o t s  had 
grown 12 cm, s o i l  samples were taken by c u t t i n g  the tubes i n t o  4 cm 
l e n g t h s .  The number of  r h i z o b i a  in each s e c t io n  were de te rmined by 
p l a t i n g .  D u p l i c a t e  experim ents  were run f o r  o b s e r v a t io n  o f  the 
r o o t s .  The r o o t s  were removed from these tubes and the r o o t s  a t  the 
stem were cut  in t o  f o u r  1 cm s e c t i o n s ,  w h i l e  rem ainder  of  the ro o t  
was cut  i n t o  4 cm le n g t h s  in order  to  observe the r h i z o b i a l  
movement. They were then f i x e d  w i t h  2.57! phosphate b u f f e r e d  < 0 . 0 2f4>
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g l u t a r a l d e h y d e , washed w i t h  0.01M b u f f e r ,  dehydra ted  in a graded
a lcoho l  s e r i e s ,  t r a n s f e r r e d  to  ace to n e ,  c r i t i c a l  p o i n t  d r i e d ,  and 
0
coated  w i t h  20QA of  g o l d - p a l 1adium. Photomicrographs were taken on 
a H i t a c h i  S-500 scanning elecronmic roscope  a t  25 KV.
I V .  L a t e r a l  Movement of  R. japonicum in D i f f e r e n t  S o i l s .
One thousand grams o f  s t e r i l i z e d  Crevasse sand and 600 g of  
Crowley s i l t  loam s o i l s  were put  i n t o  f o u r  3000 ml beakers 12 cm in 
d i a .  and 4 cm o f  t h i c k ,  r e s p e c t i v e l y .  R h iz o b ia l  suspensions <1 m l )  
w i t h  108 c e l l s  were i n o c u la t e d  onto  the c e n t e r  o f  the s o i l  s u r f a c e .  
D i f f e r e n t  amounts of  w a te r  were c a r e f u l l y  added to the ce n te r  of  the  
s o i l  in order to  a l l o w  the w a te r  to move 1 . 5 ,  3 . 0 ,  or  6 . 0  cm 
d i s t a n c e ,  r e s p e c t i v e l y  from the i n o c u l a t i o n  p o i n t .  So i l  samples  
were taken e ve ry  1 . 5  cm d is t a n c e  from the c e n t e r .  The number of  
r h i z o b i a  in each sample was determ ined by the  p l a t i n g  tech n iq u e .
V .  Adsorp t io n  o f  R. japonicum by D i f f e r e n t  S o i l s .  C la y s ,  and 
Organic Compounds.
A . Adsorp t ion  of  R. japonicum by D i f f e r e n t  T e x t u re d  S o i l s  and 
Cl a y s .
R h iz o b ia l  suspension w i t h  2x10? c e l l s  in 30 ml t o t a l  volume 
were added to  lOg of  s t e r i l i z e d  Crevasse sand, or  1 mg of  Crowley
s i l t  loam, k a o l i n i t e  and montmori11 o n i t e  , r e s p e c t i v e l y .  U n t r e a te d
c o n t r o l s  were run in each e x p e r im e n t .  A f t e r  v o r te x  m i x i n g ,  the s o i l  
suspensions were l e f t  s ta n d in g  f o r  10 m in ute s  and then c e n t r i f u g e d  
f o r  10 minutes  a t  3 ,0 1 5  x g .  f o r  the s i l t  loam and k a o l i n i t e ,  and 
12 ,0 60  x g .  f o r  the montmori11 o n i t e . The number of  r h i z o b i a  l e f t  in
the s u p erna tan t  were determ in ed by the p l a t i n g  te c h n iq u e .  The
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percentage  o-f microorganisms adsorbed on s o i l  p a r t i c l e s  were 
c a l c u l a t e d  a ccord in g  to the - fo l low in g  e q u a t io n :
Percent  a d s o rp t io n  =  <A -  B) X 100
A
Where A was the count o-f the u n t r e a t e d  b a c t e r i a l  suspension,  
and B was t h a t  in su p erna tan t  o-f the b a c t e r i a l  suspension p lu s  s o i l s  
or c l a y s .
B. A ds orp t io n  o-f R. Japonicum on K a o l i n i t e  by Di- f-ferent  
R h iz o b ia l  C o n c e n t r a t i o n s .
R h i z o b i a l  suspensions o-f 0 . 1 ,  1 ,  5 ,  and 10 ml c o n t a i n i n g  
1 .4x10?  c e l l s / m l  were d i l u t e d  to  30 m l ,  r e s p e c t i v e l y .  S t e r i l i z e d  
k a o l i n i t e  (1 mg) was added to the suspensions .  An u n t r e a t e d  c o n t r o l  
was run w i t h  each t r e a t m e n t .  S o i l  suspensions were mixed and ie - f t  
s t a n d in g  -for 10 m in u te s ,  then ce n t r i - fu g ed  a t  3 , 0 1 5  x jg -for ten  
m in u te s .  The number o-f r h i z o b i a  le - f t  in the su p ern a tan t  were 
dete rm in ed by p l a t i n g ,  and p e rcen t  a d s o rp t io n  was c a l c u l a t e d  by the  
p r e v i o u s l y  d es cr ib ed  e q u a t io n .
C. A d s orp t io n  o-f R. .japonicum by Di- f -ferent C lay  C o n c e n t r a t i o n s .
R h i z o b ia l  suspension o-f 1 ml c o n t a i n i n g  1.5x10? c e l l s  were 
d i l u t e d  to  30 m l ,  and 1 , 10 ,  5 0 ,  100,  and 1 ,000 mg o-f k a o l i n i t e  or  
montmori 11 oni te were added to  the suspensions,  r e s p e c t i v e l y .  A-f ter  
v o r t e x  m i x i n g ,  the suspensions were l e f t  s t a n d in g  f o r  10 minutes  
then c e n t r i f u g e d  f o r  10 minutes  as p r e v i o u s l y  d e s c r ib e d .  The 
p l a t i n g  technique was employed to  determined the number of  r h i z o b i a  
l e f t  in the s u p e r n a t a n t .  P ercent  of  r h i z o b i a  adsorbed by the c la y s  
was then c a l c u l a t e d .
A?
D. A d so rp t io n  o-f R. .japonicum by C lays  S a t u r a t e d  wi th Di-f -ferent
Cat i ons .
1) S a t u r a t i o n  o-f c a t i o n s  by c l a y .
Clays  ( lOOg) was suspended in 250 ml o-f 0 . 0 8  N s o l u t i o n  o-f 
N a C l , N H ^ d ( KC1| CaCl2 (  MgCl2 , FeCl3 , or A lC lg  f o r  k a o l i n i t e ,  and 
1 . 2  N c o n c e n t r a t io n s  of  each f o r  m o n t m o r i l I o n i t e ,  r e s p e c t i v e l y .  The 
r e q u i r e d  amount of  s a t u r a t i n g  c a t i o n  f o r  k a o l i n i t e  was about 20 
meq/lOOg c l a y ,  and f o r  montmor i11 o n i t e  about 300 meq/lOOg c l a y .  The 
c l a y s  were a l lowed  to  s e t t l e  o v e r n i g h t  and the su p ern a tan t  then 
decanted . The c la y s  were then washed w i t h  d i s t i l l e d  w ater  and 
c e n t r i f u g e d  a t  3 , 0 1 5  x 2  f o r  k a o l i n i t e  and 12 ,060  x 2  f o r  
montmor i1 l o n i t e  u n t i l  no c h l o r i d e  anion was d e t e c t e d  in the s o l u t i o n  
u sin g  s i l v e r  n i t r a t e  s o l u t i o n .  The c l a y  suspensions were d r i e d  in 
an oven a t  70 C, and s t e r i l i z e d  by a u t o c l a v i n g  b e fo r e  use.
2 )  A d so rp t io n  of  R. japonicum by the c a t i o n - s a t u r a t e d  c l a y s .
R h iz o b ia l  suspensions <1 ml)  c o n t a i n i n g  3x10? c e l l s  were
d i l u t e d  to  30 ml t o t a l  volume, and 1 mg o f  the v a r i o u s  c la y s  were  
added to the suspens ion,  r e s p e c t i v e l y .  The suspensions were  
a g i t a t e d  and l e f t  s t a n d in g  f o r  10 m in u tes  then c e n t r i f u g e d  f o r  10 
m in utes  as p r e v i o u s l y  d e s c r ib e d .  The number o f  r h i z o b i a  l e f t  in the 
su p e rn a tan t  were determ ined by p l a t i n g .
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E . A d s o rp t io n  o-f R. .japonicum by Di- f -ferent  Organic Compounds,
S t e r i l i z e d  1 g samples o-f humic a c i d ,  ca lc iu m  p h y t a t e ,  corn 
s t a r c h ,  and ground r i c e  s t raw  were p la c e d  i n t o  30 ml o-f r h i z o b i a l  
suspensions c o n t a i n i n g  2x10? c e l l s .  The suspensions were mixed and 
c e n t r i f u g e d .  A f t e r  c e n t r i f u g a t i o n ,  the numbers o f  r h i z o b i a  l e f t  in 
the s u p e rn a ta n t  was de te rmined  by p l a t i n g ,  and percentage of  
a d s o rp t io n  was c a l c u l a t e d  as p r e v i o u s l y  d e s c r i b e d .
RESULTS AND DISCUSSION
I . Movement o-f R. japonicum in S o i l s .
A.  V e r t i c a l  Movement o-f R h iz o b ia  in S o i l s .
a ) . E f f e c t  o-f P e r c o l a t i n o  Water on V e r t i c a l  Movement o-f 
R. jaoonicum in Crowley S i l t  Loam
The e f f e c t  o-f p e r c o l a t i n g  w a te r  on v e r t i c a l  movement o-f R. 
jaoon i cum s t r a i n  110 in Crowley s i l t  loam s o i l  are shown in T a b le  3.  
In  t re a tm e n t  1,  w a te r  was added to the columns a- f te r  i n o c u l a t i o n ;  
and in t rea tm e n t  2,  w a te r  was added be-fore i n o c u l a t i o n .  A-f ter  
s e c t i o n i n g  the columns,  the number o f  r h i z o b i a  in each s o i l  sample 
was d e te rm in ed .
R. jaoon i cum were present  in a l l  s e c t io n s  in t r e a tm e n t  1, but  
were found o n ly  in the f i r s t  4 cm o f  s o i l  in t re a tm e n t  2 .  These 
r e s u l t s  in d ic a t e d  t h a t  £ .  jaoon i cum could  move v e r t i c a l l y  in the 
s i l t  loam s o i l  w i t h  p e r c o l a t i n g  w a t e r .  However,  they d id  not  
m ig r a t e  down through the p r o f i l e  when the s o i l  was a l r e a d y  a t  f i e l d  
c a p a c i t y  be fo re  i n o c u l a t i o n .
Some res earch  has q u a l i t a t i v e l y  demonstrated t h a t  the movement 
o f  r h i z o b i a  in s o i l  r e q u i r e s  t r a n s p o r t i n g  ag en ts .  One o f  the agents  
has been r e p o r t e d  to  be w ater  < B a l l ,  1 9 0 9 ) ,  By measur ing  nodule  
f o r m a t i o n ,  Hunt <1980) concluded t h a t  the  m i g r a t i o n  of  r h i z o b i a  was 
c h i e f l y  the r e s u l t  of  w a te r  movement. The v e r t i c a l  t r a n s p o r t  of  R. 
t r  i f o l i  i c e l l s  in the s o i l s  was due to  w a t e r  movement <Ham, 1 9 7 4 ) .  
T h i s  movement may a ls o  be a id ed  by the b a c t e r i a l  f l a g e l l a .
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Table  3 .  V e r t i c a l  movement o-f R. .tan on i cum in
Crowley s i l t  loam s o i l  w i t h  and w i t h o u t  




No. of  R. japonicum / 4  cm s e c t i o n  o f  s o i l  
w i t h  w a te r  w i t h o u t  w a te r
0 -  4 8.81X107 2 .88x10?
4 - 8 2 .9 5 x 1 0 * 0 *
8 - 1 2 1 .3 6 x 1 0 * 0 *
12 -  16 8 . 0  x lO 5 0*
16 -  20 1 . 9  x lO 5 0 *
Number of r h i z o b i a  is  the mean of two r e p l i c a t i o n s  and
two o b s e r v a t io n s .
# No d e t e c t a b l e  c o lo n ie s  o-f R. jaoon i cum s t r a i n  110 were -found 
on two r e p l i c a t e s  o-f p l a t e s  a t  the 1 /1 0  d i l u t i o n .
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Other t r a n s p o r in g  agents might  be earthworms.  In the absence 
of w a te r  and earthworms,  no v i a b l e  c e l l s  o f  R. japonicum or 
Pseudomonas put i da were found below a depth of  2 . 7  cm in the s o i l  
<Madsen and A l e x a n d e r , 1 9 8 2 ) .
R e s u l ts  of  the pre sen t  study were i n t e r p r e t e d  to  i n d i c a t e  th a t  
p e r c o l a t i n g  w a te r  enhanced the movement, and the r h i z o b i a  were 
c a r r i e d  m a in ly  by w a te r  through the s o i l  p r o f i l e .  These r e s u l t s  
in d ic a t e d  t h a t  i n f i l t r a t i o n  of  i r r i g a t i o n  or r a i n  w a te r  may be the 
most f e a s i b l e  method of  r h i z o b i a l  movement a f t e r  in o c u la t i o n  under 
f i e l d  condi t  ions.
b ) . E f f e c t  of S o i l  T e x t u r e  on V e r t i c a l  Movement of  R. japonicum  
wi th W a t e r .
When r h i z o b i a  moved w i t h  w a t e r ,  s o i l  t e x t u r e  a f f e c t e d  the 
movement. The d i s t r i b u t i o n  o f  R. jaoonicum in Crevasse sand and 
Crowley s i l t  loam s o i l s  is  shown in F i g .  1. The number of  r h i z o b i a  
in each s e c t io n  of  the sand was q u i t e  u n i f o r m .  However,  fewer  
r h i z o b i a l  c e l l s  were found w i t h  i n c r e a s i n g  depth in the s i l t  loam. 
T here  was a s i g n i f i c a n t  n e g a t iv e  l i n e a r  r e l a t i o n s h i p  between number 
of r h i z o b i a  and s o i l  depth ( F i g . 2 ) .  The r h i z o b i a  decreased w i t h  
i n c re a s in g  depth in s i l t  loam.
S t a t i s t i c a l  a n a l y s i s  of  r h i z o b i a l  numbers in the s o i l s  is  shown 
in T ab le  4 .  There were s i g n i f i c a n t  d i f f e r e n c e s  between each s e c t io n  
of s o i l  in the s i l t  loam, but s i g n i f i c a n t  d i f f e r e n c e s  were not found  
among the s e c t i o n s  in the sandy s o i l .  These r e s u l t s  suggested t h a t  
R* japonicum moved q u i t e  f r e e l y  in a coarse t e x t u r e d  s o i l  and t h i s  






















FIG. 1 VERTICAL MOVEMENT OF R. JAPONICUM 
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FIG. 2 VERTICAL MOVEMENT OF R. JAPONICUM 
STRAIN 110 IN CROWLEY SILT LOAM
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T ab le  4 .  V e r t i c a l  movement o-f R. japon icum s t r a i n  110 in 
di- f - ferent  t e x t u r e d  s o i l s .
Log o-f No.  o-f R. Jaon icum/4 cm s e c t io n  s o i l
Depth o-f s o i l
Sand S i l t  loam
—  c m -------
0 - 4 6 .4 8 9 ab 7 .9 4 5 a
4 - 8 6 . 4 2 6 ab 6 .4 6 7 b
8 - 12 6 .5 3 8 a 6 .0 8 5 c
12 - 16 6 .3 9 4 b 5.891 d
16 - 20 6.391 b 5 .2 0 4 e
20 - 24 6 .4 3 7 ab 4 .9 2 3 f
24 - 28 6 .4 3 5 ab 4 .8 9 8 f
28 - 32 6 .4 1 4 ab 4 .8 1 4 8
32 - 36 6 .4 1 7 ab 4 .4 8 7 h
36 - 40 6 . 3 9 5 b 3 .6 3 2 i
No,  o-f r h i z o b i a  i s  the mean o-f two r e p l i c a t i o n s  and two 
o b s e r v a t io n s .
Means w i t h  the same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  a t  
the 5Y, l e v e l  of  p r o b a b i l i t y  acco rd in g  to  Duncan's Mul t ip l  e Range 
T e s t .
55 .
t r i  f  ol i i c e l l s  increased as the s o i l  p a r t i c l e  s i z e  in c re ase d .  I t  
■further in d i c a t e d  t h a t  smal l  p a r t i c l e s  in the f i n e r  t e x t u r e d  s o i l
were a f a c t o r  l i m i t i n g  movement.
c > . E f f e c t  of  Clay C o n c e n t ra t io n s  on V e r t i c a l  Movement of
R. .japonicum in S o i l s .
Clay content  a ls o  had an i n f lu e n c e  on r h i z o b i a  movement. 
V e r t i c a l  movement of  R. japonicum in the s o i l  c o n t a i n i n g  d i f f e r e n t  
c o n c e n t r a t i o n s  of  c l a y  is  shown in T a b le s  5 and 6.
The r h i z o b i a  were pre sen t  in a l l  s e c t io n s  of  the s o i l  p r o f i l e  
of sand w i t h o u t  c l a y .  The number of r h i z o b i a  decreased
s i g n i f i c a n t l y  f rom the s u r fa c e  to the bottom of  the column w i t h  4 V. 
c l a y  in the m i x t u r e .  No r h i z o b i a  were d e t e c t e d  in the l a s t  4 cm 
s e c t io n  of  the s o i l  m ix t u re  w i t h  8 V. c l a y .  The r h i z o b i a  d id  not  
move down to  the l a s t  8 cm of  two s e c t i o n s  in s o i l  m ix t u re  w i t h  10 V. 
c l a y .  In  the s o i l  c o n t a i n i n g  12 '/. c l a y ,  the r h i z o b i a  were not  
t r a n s p o r t e d  below the 4 cm s e c t i o n ,  even though p e r c o l a t i n g  w a te r
moved through the e n t i r e  s o i l  p r o f i l e .  These r e s u l t s  demonstrated
t h a t  movement of r h i z o b i a  decreased as the c l a y  c o n c e n t r a t io n  
increased and t h a t  the c l a y  p revented  r h i z o b i a l  movement down 
through the s o i l .
R e s u l t s  from the Duncan's M u l t i p l e  Range T e s t  f o r  t h i s  study  
are shown in Tab le  6 . In the sand,  t h e r e  were s i g n i f i c a n t l y  h ig h er  
p o p u l a t io n s  of  r h i z o b i a  in the f i r s t  and second s e c t io n s  as compared 
t o  the lower s e c t i o n s .  D i f f e r e n c e s  were p re sen t  in every  s e c t io n  of  
the s o i l  columns c o n t a i n i n g  4V. and 8V. c l a y .  T h i s  suggested t h a t  the 
number o f  r h i z o b i a  decreased s i g n i f i c a n t l y  w i t h  s o i l  depth as c la y
5 6
T a b le  5 .  Movement of R. jaoonicum in s o i l  m ix t u r e s  w i t h  
di- f - ferent  c o n c e n t r a t i o n s  o-f k a o l i n i t e .
Depth o-f  V. o-f c l a y  in s o i l  m i x t u r e ----------------------
soi 1
(cm) OX 4X 8X 10X 12X
No. o-f R. jaoon i cum / 4  cm s e c t io n  o-f s o i l
0 - 4 1 . 0 5 x l 0 7 1 . 2 5 x l 0 7 2 .3 4 x 1 0 * 4 . 5 7 x l 0 7 2 . 9 5 x 1 0 *
4 - 8 9 .0 5 x 1 0 * 5 .1 5 x 1 0 * 4 .6 x10 4 3 . 0 x 1 0 * 0*
8 - 1 2 4 .5 5 x 1 0 * 1 .14x10* 3 .2 x 1 0 s 3 . 0 x 1 0 s 0*
12 -  16 4 . 4  x lO * 1 .52x10® 3 .5x10s 0* 0*
16 -  20 4 .9 5 x 1 0 * 6 . 9 7 x l 0 3 0* 0 * 0 *
No. o-f r h i z o b i a  is  the mean o-f two r e p l i c a t i o n s  and two 
o bservat  ions.
*  No d e t e c t a b l e  c o lo n ie s  of  R. jaoon icum s t r a i n  110 were found  
on two r e p l i c a t e s  of  p l a t e s  a t  the 1 /10  d i l u t i o n .
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T ab le  4 .  V e r t i c a l  movement o-f R. jaoon i cum in
Crevasse sand w i t h  d i f f e r e n t  c o n c e n t r a t io n s  
of k a o l i n i  te c l a y .
Depth o f  
soi 1 
(cm)
Number o f  R. jaoonicum  
(Log)
0'/ c la y
0 - 4 7 .0 1 ? a
4 - 8 4 . 9 5 7 a
8 - 1 2 4 .4 5 8 b
12 -  14 4 . 4 4 3 b
16 ~ 20 4 .4 9 5 b
4'/. c 1 ay
0 - 4 7 . 0 9 4 a
4 - 8 4 .7 10 b
8 - 1 2 4 .0 3 8 c
12 -  16 5 . 0 7 8 d
16 -  20 3 . 7 2 5 e
8X c 1 ay
0 - 4 4 . 3 1 2 a
4 - 8 4 . 5 7 4 b
8 - 1 2 3 . 3 8 2 c
12 -  14 2 .5 4 0 d
14 -  20 0 e
10'/. c l a y
0 - 4 7 .4 3 4 a
4 - 8 4 . 4 5 8 b
8 - 1 2 5 . 2 3 8 c
12 -  14 0 d
1 4 - 2 0 0 d
1271 c la y
0 - 4 4 . 4 4 ? a
4 - 8 0 b
8 - 1 2 0 b
12 -  14 0 b
14 -  20 0 b
No. of  r h i z o b i a  is  the mean o f  two r e p l i c a t i o n s  and 
two o b s e r v a t i o n s .
Means w i t h  the same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  at  
the 5V, l e v e l  of  p r o b a b i l i t y  acc ord in g  to Duncan's  
M u l t i p l e  Range T e s t .
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conten t  in crease d.  The r h i z o b i a  d id  not  move w i t h  the wate r  below 
the 12 cm depth in 10X c l a y  , nor below the 4 cm depth where 12X 
k a o l i n i t e  was present  in the m i x t u r e ,  i n d i c a t i n g  the c l a y  - f ra c t io n  
i s  a m ajo r  f a c t o r  i n f l u e n c i n g  movement o f  r h i z o b i a  through a s o i l .
d ) . V e r t i c a l  Movement of  R. japonicum w i t h  the Soybean R o o t .
These experiments  were conducted us ing both p l a t i n g  and
scanning e l e c t r o n  m ic roscopy.  I n o c u la t e d  soybean seeds were p la n t e d  
in columns o f  Crowley s i l t  loam and w a te r  was added both b e fo re  or 
a f t e r  p l a n t i n g .  When the s e e d l i n g  r o o t s  grew 20 cm, s o i l  samples 
were taken and numbers of  r h i z o b i a  in the s o i l  s e c t i o n s ,  and on 
r o o t s  were d e te rm in ed .  In a d d i t i o n ,  each r o o t  was cu t  a t  1 ,  2 ,  3 ,
4 ,  8 ,  and 12 cm le n g th s  and observed w i t h  a scanning e l e c t r o n
m ic ro scope.
The number o f  the r h i z o b i a  in v a r i o u s  s e c t i o n s  of s o i l  and
r o o t s  are shown in T a b le  7.  When w a te r  was added b e fo re  p l a n t i n g
and i n o c u l a t i n g ;  r h i z o b i a  were not  found in the s o i l  or on r o o t s
below the 4 cm s e c t i o n .  T h i s  was i n t e r p r e t e d  to mean t h a t ,  in the  
absence of p e r c o l a t i n g  w a t e r ,  r h i z o b i a  d id  not  move downward w i t h  
the emerging soybean r o o t s .
When w a te r  was added a f t e r  i n o c u l a t i o n ,  r h i z o b i a  were found in 
the lower d e p ths .  Photomicrographs taken of  the r o o t  h a i r s  through  
a scanning e l e c t r o n  microscope dem onst ra ted the presence o f  R. 
japonicum on the r o o t  s u r fa c e  in the s o i l  t r e a t e d  w i t h  p e r c o l a t i n g  
w a t e r  < F ig .  3 ,  4 ,  5 ,  and 6 ) .  There were no r h i z o b i a  on the ro o t
su r face  ( F i g .  3 ) .  F i g .  4 ,  5 ,  and 6 show the s u r f a c e  o f  the  r o o t
h a i r s  at  4 ,  8 ,  and 12 cm of r o o t  l e n g t h ,  r e s p e c t i v e l y .  R h iz o b ia
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T a b le  7 .  Movement of  R. japonicum s t r a i n  110 in the absence
of  p e r c o l a t i n g  w a te r  in Crowley s i l t  loam c o n t a in in g  
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- cm - -  O a i 1 _ D n n i .0 0  1 1 K O Ot S
0 - 4 5 .8 x 1 0 6 4 .7 x l 0 * 2 .2 x 1 0 * 1 .9 x 1 0 * + +
4 - 8 0 * 0 * 0 * 0 * 0 * 0 *
8 - 1 2 0 * 0 * 0 * 0 * 0 * 0 *
1 2  - 1 6 0 * 0 * 0 * 0 * 0 * 0 *
1 6  - 2 0 0 * 0 * 0 * 0 * 0 * 0 *
No. of r h i z o b i a  i s  the mean of  two r e p l i c a t i o n s  and two 
o b s e r v a t i  ons.
+ The number of r h i z o b i a  in the f i r s t  s e c t io n  o f  the 
r o o t  co u ld  not  be determ in ed because of  c o n t a m in a t io n .
*  No d e t e c t a b l e  c o lo n ie s  o f  R. jaoonicum s t r a i n  110 were found  
on two r e p l i c a t e s  of  p l a t e s  a t  the  1 /10  d i l u t i o n .
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F ig u re  3 .  Scanning e l e c t r o n  micrograph o f  two soybean r o o t  h a i r s  
•from the  u n in o c u la t e d  seed grown in s o i l  t r e a t e d  w i t h  
p e r c o l a t i n g  w a t e r .  M a g n i f i c a t i o n  10,GO0X.
Bar = 1 urn
Note: No Rhhizobium on root h a i r  sur face .
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F ig u re  4 .  Scanning e l e c t r o n  micrograph o f  a soybean ro o t  h a i r  at  4 
cm o f  r o o t  length  -from the i n o c u l a t e d  seed grown in s o i l  
t r e a t e d  w i t h  p e r c o l a t i n g  w a t e r .
M a g n i f i c a t i o n  15,QOOX.
Bar = 0 . 5  um
Note: Rhizobium were present on root h a i r  sur face .
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F ig u r e  5 .  Scanning e l e c t r o n  micrograph of  a soybean ro o t  h a i r  a t  8 
cm o f  ro o t  le n g th  from the in o c u la t e d  seed grown in s o i l  
t r e a t e d  w i t h  p e r c o l a t i n g  w a t e r .
M a g n i f i c a t i o n  20 ,0 00 X .
Bar = 0 . 5  urn
Note: Rhizobium were present on root h a i r  surface .
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F ig u re  6 . Scanning e l e c t r o n  micrograph of  a soybean r o o t  h a i r  a t  12 
cm o-f ro o t  length  -from the in o c u la te d  seed grown in s o i l  
t r e a t e d  w i t h  p e r c o l a t i n g  w a t e r .
Magni-f i c a t i o n  15 ,000X.
Bar -  1 um
Note: Rhizobium were present on root h a i r  sur face .
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were -found on each s e c t io n  o-f the r o o t .  T h i s  demonstrated t h a t  the 
r h i z o b i a  moved downward w i t h  the emerging soybean ro o t  when 
p e r c o l a t i n g  water  was added a-f ter  p l a n t i n g  the in o c u la t e d  seeds.
Photomicrographs o-f the r o o t  s u r f a c e s  w i t h o u t  the p e r c o l a t i n g  
w ater  are shown in F i g .  7 through 13.  F ig u re  7 shows r o o t  h a i r s  
g erm inated  -from an u n in o c u la te d  seed.  F ig u r e s  8 through 13 re v e a l  
the presence o-f R_j. jaoon i cum on the s u r fa c e  o f  r o o t  h a i r s  a t  1 to 12 
cm len g th  o f  r o o t .  The r h i z o b i a  were found o n ly  on the 1, 2 ,  3 ,  
and 4 cm s e c t io n s  <F ig .  8 to  1 1 ) .  No r h i z o b i a  were d e te c te d  on the  
r o o t s  a t  8 or 12 cm s e c t io n  ( F i g .  12 and 1 3 ) .  These r e s u l t s  
conf irmed the data  o b ta in ed  by p l a t i n g .  T h i s  i l l u s t r a t e d  the f a c t  
t h a t  when p e r c o l a t i n g  w ater  was not  added a f t e r  p l a n t i n g ,  the 
r h i z o b i a  could  not  move down below the 4 cm s e c t i o n  o f  s o i l  w i t h  the  
emerging r o o t .
E a r l i e r  reseach showed t h a t  the r h i z o b i a  cou ld  move 0 . 2  to 0 . 5  
cm per day in n a t u r a l  growing c o n d i t i o n s  ( F r a z i e r ,  1 9 2 2 ) .  R e c e n t ly ,  
Madsen and A lexander  (1 9 8 2 )  observed t h a t  r h i z o b i a  could not  be 
t r a n s p o r t e d  below 2 . 7  cm in m ois t  s i l t  loam in the absence of some 
t r a n s p o r t i n g  a g en ts ,  or in presence of  d ev e lo p in g  soybean r o o t s .  
They a ls o  in d i c a t e d  t h a t  p e r c o l a t i n g  w a te r  had o n ly  a small  e f f e c t  
on v e r t i c a l  movement of  Rj. ,i apon i cum. al though  i t s  movement was 
enhanced by p e r c o l a t i n g  w a te r  and earthworms.
T h i s  study w i t h  soybean r o o t s  suggested t h a t  p e r c o l a t i n g  w ater  
is  a major  f a c t o r  a f f e c t i n g  the downward movement o f  R̂ . japon icum 
w i t h  the r o o t s .  In  the absence of  w a te r  as a t r a n s p o r t i n g  agent ,  
the r h i z o b i a  were on ly  p rese n t  in the f i r s t  4 cm w i t h  the emerging  
r o o t .  Both p l a t i n g  and e l e c t r o n  micrographs  conf irmed  t h i s  f i n d i n g .
F ig u r e  7 .  Scanning e l e c t r o n  micrograph o-f a soybean r o o t  h a i r  from 
the u n in o c u la t e d  seed grown in s o i l  r e c e i v i n g  no 
p e r c o l a t i n g  w a t e r . M a g n i f i c a t i o n  15 ,000X .
Bar =  1 um
Note: No Rh izobium on root  h a i r  s ur face .
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F ig u re  8 .  Scanning e l e c t r o n  micrograph o-f a soybean r o o t  h a i r  on 
the - f i r s t  cm o-f r o o t  -from the in o c u la te d  seed grown in 
s o i l  r e c e i v i n g  no p e r c o l a t i n g  w a t e r .
M a g n i f i c a t i o n  15 ,0 00 X .
Bar = 1 um
N ote:  Rhizobium were pres en t  on r o o t  h a i r  s u r f a c e .
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F ig u r e  9 .  Scanning e l e c t r o n  micrograph of  a soybean r o o t  h a i r  from 
the second cm of  r o o t  le n g th  from the in o c u la t e d  seed 
grown in s o i l  r e c e i v i n g  no p e r c o l a t i n g  w a t e r .  
M a g n i f i c a t i o n  15 ,000X .
Bar = 1 um
Note: Rhjjtobj_um were present on root h a i r  sur face .
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F ig u r e  10. Scanning e l e c t r o n  micrograph o-f a soybean ro ot  h a i r  -from 
the t h i r d  cm o-f r o o t  le n g th  -from the in o c u la t e d  seed 
grown in s o i l  r e c e i v i n g  no p e r c o l a t i n g  w a t e r .
Magni-f i ca t  ion 15 ,000X .
Bar = 0 . 5  urn
Note: Rhizobium were present on root h a i r  sur-face.
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F ig u re  11.  Scanning e l e c t r o n  micrograph o-f a soybean ro o t  h a i r  -from 
the f o u r t h  cm of  r o o t  le n g th  from the in o c u la te d  seed 
grown in s o i l  r e c e i v i n g  no p e r c o l a t i n g  w a t e r .  
M a g n i f i c a t i o n  2Q,0Q0X.
Bar = 1 urn
Note: Rhizobium were present on root h a i r  surface .
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Figure  12. Scanning e l e c t r o n  micrograph o-f a soybean ro o t  h a i r  -from 
the e ig h th  cm of  r o o t  length  from the in o c u la te d  seed 
grown in s o i l  r e c e i v i n g  no p e r c o l a t i n g  w a t e r .  
M a g n i f i c a t io n  15,OO0X.
Bar = 1 urn
Notes No Rhizobium on root ha i r  surface .
Figure  13.  Scanning e l e c t r o n  micrograph o-f a soybean ro o t  h a i r  -from 
the twel- fth cm o-f roo t  length  -from the in o cu la ted  seed 
grown in s o i l  r e c e i v i n g  no p e r c o la t i n g  w a t e r .  
M a g n i f i c a t i o n  15,OOOX.
Bar = 1 urn
Note:  No Rhizobium on r o o t  h a i r  sur- face.
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These r e s u l t s  a ls o  can be used to e x p l a i n  some o-f the poor
n o d u la t io n  t h a t  has been r e p o r t e d  in - f i e ld  ex p e r im e n ts .  R h izo b ia
in o c u la t e d  in the - f i e ld  would not  move w i t h  the growing r o o t  when 
th e re  was l i t t l e  or no r a i n  p re sen t  d u r in g  g e r m i n a t i o n ,  thus ,  there  
would be v e ry  l i t t l e  nodule f o r m a t i o n .
B. L a t e r a l  Movement of R. japonicum in S o i l s ,
a)  E f f e c t  o f  P e r c o l a t i n g  Water  on L a t e r a l  Movement of
R. jap o n icu m .
Data on the e f f e c t  of  w a te r  movement from the p o in t  of
i n o c u la t io n  on the l a t e r a l  movement o f  R,. japonicum in Crevasse sand
and Crowley s i l t  loam are shown in T a b le s  8  and 9 ,  r e s p e c t i v e l y .
T a b le  8  shows the l a t e r a l  movement of  R. japon i cum in Crevasse  
sand.  R h izo b ia  were p resent  in each 1 .5  cm s e c t io n  where w a te r  
moved 1 . 5  cm away from the p o in t  o f  i n o c u l a t i o n .  The r h i z o b i a  were 
found o n ly  in the area  w i t h i n  1 . 5  cm of the w ater  movement. No 
r h i z o b i a  were found in the remainder  of  the area  to  which the w a te r  
had not moved. Column 3 shows the presence of  r h i z o b i a  in each 1 .5  
cm s e c t io n  where w a te r  moved 3 . 0  cm away from the p o i n t  o f  
i n o c u l a t i o n .  When w a te r  was a l lo w e d  to  f l o w  3 cm from the c e n t e r ,  
the r h i z o b i a  were prese n t  o n ly  in t h a t  s e c t i o n .  Column 4 shows the  
presence of  r h i z o b i a  in each 1 . 5  cm s e c t i o n  when the a p p l i e d  w a te r  
moved 6 cm. The r h i z o b i a  were again  p re sen t  in t h i s  a r e a .  These 
r e s u l t s  demonstrated t h a t  r h i z o b i a  moved m a in ly  w i t h  advancing  
w a t e r .  They fo l lo w e d  the w a te r  f lo w  p a t t e r n  and moved on ly  where 
p e r c o l a t i n g  w a te r  was p r e s e n t .
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Table  8 . L a te ra l  movement o-f water  and R. japonicum in a 
Crevasse sand.
Samp 1e 
d is ta n c e  
from 
center
L a t e r a l
1 .5




(cm) No. of  R. japonicum /  1 .5  cm s e c t io n  of s o i l
0 -  1 .5 1 0 x 1 0 ^ a 6 .65 x1 0s a 6.00x10*3 a
1 . 5  -  3 .0 0 *  b 5 .6 2x1 0 s b 3.40x10*3 be
3 . 0  -  4 . 5 0 *  b 0 *  c 3 .5 2 x 1 0s b
4 . 5  -  6 .0 0 *  b 0 *  c 3 .0 2 x1 0s c
No. o-f r h i z o b i a  is the mean o-f two r e p l i c a t i o n s  
and two o b s e rv a t io n s .
Means w i t h  the same l e t t e r  are not  s i g n i f i c a n t l y  
d i f f e r e n t  a t  the 5'/. le v e l  o f  p r o b a b i l i t y  accord in g  to  
Duncan's M u l t i p l e  Range T e s t .
*  No detectable  colonies of R. japonicum s t r a in  110 were found
on two r e p l i c a t e s  of p la tes  at the 1/10 d i l u t i o n .
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S i m i l a r  r e s u l t s  were o b ta in ed  w i t h  the Crowley s i l t  loam (Tab le  
9 ) .  The m ig r a t io n  p a t t e r n  o-f the r h i z o b i a  was again c l o s e l y  
as s o c ia t e d  w i t h  the w a te r  movement,
E a r l i e r  research  suggested t h a t  the l a t e r a l  movement o-f
b a c t e r i a  was r e l a t e d  to w ater  movement. For in s t a n c e ,  Pseudomonas
0
r a d i  c i col  a moved l a t e r a l l y  about 2 . 5  cm in 48 hours a t  25C i-f the 
s o i l  was s a t u r a t e d  w i t h  w a t e r .  In  r e l a t i v e l y  dry s o i l ,  and under 
lower tem p e ra tu re s ,  the movement was reduced to  2 . 5  cm in 72 hours
( K e l le r m a n ,  1 9 0 7 ) .  Wind and w a te r  a ided  in the l a t e r a l  movement o-f
R. mel i 1 ot i in - f i e ld  s i t u a t i o n s  (Robson and Loneragan,  1970)  and 
r a i n w a t e r  movement through the s o i l  a ls o  d isp ers ed  R. t r  i -f ol i i among 
■field p l o t s  (B ro ckwel l  e_t aj_. ,  1 9 7 2 ) .
The present  s tudy  conf irm ed  t h a t  r h i z o b i a  moved w i t h  an
advancing  w ater  f r o n t .  T h is  is  v e ry  im portan t  f o r  r h i z o b i a  to  be 
t r a n s p o r t e d  from in o c u la te d  seeds to l a t e r a l  r o o t s .
M orev er ,  the e f f e c t  of  chemotaxis  on the l a t e r a l  movement of
r h i z o b i a  toward the ro o t  sur face  have been i n v e s t i g a t e d  by severa l  
o th e r  r e s e a r c h e r s .  They found t h a t  movement was always s low,  about  
30mm in 48 hours .  T h i s  might  a l s o  help to e x p l a i n  the accumulat ion  
of  b a c t e r i a  in the r h i z o s p h e r e ,  but  i t  a p p a r e n t l y  is  not  o f  major  
emphasis in the movement of  r h i z o b i a  through s o i l .
b ) . E f f e c t  of  S o i l  T e x tu re  on L a t e r a l  Movement of  R. ja p o n icu m .
When r h i z o b i a  moved l a t e r a l l y  w i t h  w a t e r ,  the movement was
a f f e c t e d  by s o i l  t e x t u r e .  L a t e r a l  movement of  Rj. jaoon i cum s t r a i n  
110 in Crevasse sand and Crowley s i l t  loam are shown in F i g .  14. In 
sand, numbers of  r h i z o b i a  were found to be r e l a t i v e l y  un iform in
FIG. 14. LATERAL MOVEMENT OF R. JAPONICUM STRAIN 110
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Table  9 .  L a t e r a l  movement o-f w a t e r  and R. Japon i cum in Crowley  
s i l t  loam.
Movement L a t e r a l  movement o-f w a te r  <cm)
from
c e n t e r  1 . 5  3 . 0  4 . 0
(cm) No, of  R. japon i cum/1 .5  cm s e c t io n  of s o i l
0 -  1 . 5  2 . 2 5 x 1 0 8  a l . l x l O 7  a 1 . 4 1 x 1 08 a
1 . 5  - 3 . 0  0 *  b 9 . 9 x l 0 4  b 7 .5 1 x 1 0 *  b
3 . 0  -  4 . 5  0 *  b 0 *  c 2 . 4  x lO 5  c
4 . 5  -  4 . 0  0 *  b 0 *  c 3 . 9  x lO 4  d
No. o f  r h i z o b i a  is  the mean o f  two r e p l i c a t i o n s  and two 
observa t  ions.
Means w i t h  the same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  
at  the 5X l e v e l  o f  p r o b a b i l i t y  accord in g  to Duncan's M u l t i p l e  
Range T e s t .
*  No de tectab le  co lonies  of R. japon icum s t r a i n  110 were found
on two r e p l i c a t e s  of p la te s  at the 1/10 d i l u t i o n .
7?
each s e c t i o n ,  and the r h i z o b i a l  c e l l s  d id  not decrease very  much 
w i t h  in c r e a s i n g  d is ta n c e  -from the in o c u l a t i o n  p o i n t .  However,  -fewer 
r h i z o b i a  were -found a t  the o u te r  edge o-f the w a t e r  -front in s i l t  
loam. There  was a s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p  between r h i z o b i a  
and the d is t a n c e  from the c e n te r  f o r  both the sand and s i l t  loam 
< F i g .  1 5 ) .  Number of r h i z o b i a  decreased o n ly  s l i g h t l y  w i t h  d is ta n c e  
in sand,  however,  the c e l l s  decreased s i g n i f i c a n t l y  w i t h  d i s t a n c e  in 
s i l t  loam. The slope  o f  the l i n e  f o r  s i l t  loam was g r e a t e r  than the 
one f o r  the sand.  T h i s  suggested t h a t  r h i z o b i a  moved more e a s i e r  
w i t h  w a t e r  in sand than in s i l t  loam. I t  a l s o  demonstrated t h a t  
s o i l  t e x t u r e  was a f a c t o r  a f f e c t i n g  l a t e r a l  movement; smal l  
p a r t i c l e s  d im in ish ed  movement of  r h i z o b i a  w i t h  w a t e r .
c ) . Comparison o f  V e r t i c a l  and L a t e r a l  Movement o f  R. japonicum  
in S o i l s .
Movement o f  r h i z o b i a  d i f f e r e d  in the v e r t i c a l  and l a t e r a l  
d i r e c t i o n s .  V e r t i c a l  and l a t e r a l  movements o f  R. .iaoonicum s t r a i n  
l i t )  w i t h  w a te r  in Crowley s i l t  loam s o i l  are shown in T a b le s  10.  In  
v e r t i c a l  d i r e c t i o n ,  the number of r h i z o b i a  in the 0 - 4  cm s e c t io n  was 
30 t im es  g r e a t e r  than t h a t  in the 4 - 8  cm s e c t io n  in s i l t  loam.  
However,  the r h i z o b i a  in the 0 - 3  cm s e c t i o n  were about 500 t im es  
g r e a t e r  than in the 3 - 6  cm s e c t io n  in l a t e r a l  d i r e c t i o n .  These 
r e s u l t s  suggested t h a t  r h i z o b i a  decreased g r e a t e r  between the two 
s e c t i o n s  in the l a t e r a l  d i r e c t i o n  than in the v e r t i c a l  d i r e c t i o n .  
R h iz o b ia  moved more r e a d i l y  in the v e r t i c a l  d i r e c t i o n  than they  d id  
in the l a t e r a l  d i r e c t i o n .  F u r th e rm o re ,  the l i n e a r  r e l a t i o n s h i p  














FIG. 15. LATERAL MOVEMENT OF RHIZOBIA IN SOILS
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T a b le  10. Comparison o-f v e r t i c a l  and l a t e r a l  movement 
o-f Rj. japonicom in Crowley s i l t  loam.
D is tan ce  No. o-f R. japon i cum /  g o f  s o i l
(cm) V e r t i c a l  L a t e r a l
0 - 4  2 .84x1 06
4 - 8  9 . 5 2 x l 0 4
0 - 3  1.85x10?
3 - 6  3 .4 Q x lQ 4
so
showed t h a t  the slope o-f the l i n e  was g r e a t e r  -for l a t e r a l  movement 
than f o r  the v e r t i c a l  movement < F ig .  1 4 ) .  T h is  a ls o  suggested t h a t  
the r h i z o b i a  moved v e r t i c a l l y  more r e a d i l y  than they  d id  l a t e r a l l y .
E a r l y  r e p o r t s  i n d i c a t e d  t h a t  the movement r a t e  of  the b a c t e r i a  
was r e l a t e d  to w ater  f l o w .  The l e s s  w a te r  movement, the le s s  
m i g r a t i o n  o f  r h i z o b i a .  In  the prese n t  s tu d y ,  v e r t i c a l  movement of  
w a te r  was g r e a t e r  than l a t e r a l  movement because o f  g r a v i t y .  
T h e r e f o r e ,  more r h i z o b i a  were c a r r i e d  by the v e r t i c a l  f l o w  o f  water  
than by the l a t e r a l  f l o w .
In summary, r e s u l t s  from the p rese n t  study in d i c a t e d  t h a t  
p e r c o l a t i n g  w a te r  enhanced both v e r t i c a l  and l a t e r a l  movement of  
r h i z o b i a  and t h a t  both small  p a r t i c l e s  and c l a y  c o n c e n t r a t io n  
l i m i t e d  movement of  r h i z o b i a  w i t h  w a t e r .  T h i s  l i m i t a t i o n  p revented  
r h i z o b i a  from moving w i t h  the r o o t .
1 1 . A ds orp t io n  of  R. .japonicum in S o i l s .
Rhizobium japonicum can move v e r t i c a l l y  and l a t e r a l l y  w i t h  
p e r c o l a t i n g  w a t e r .  However, the movement is  r e s t r i c t e d  by many s o i l  
mechanisms. A d so rp t io n  of  r h i z o b i a  by s o i l  p a r t i c l e s  was
c o n s idered  as one mechanism c o n t r o l l i n g  t h i s  movement.
A.  A ds o rp t ion  of  R. japonicum by D i f f e r e n t  T e x t u re d  S o i l s .
A d s o rp t io n  of  R. japonicum by d i f f e r e n t  t e x t u r e d  s o i l s  and 
c l a y s  is  shown in F i g .  17.  The percen t  ad s o rp t io n  of  r h i z o b i a  by 10 
g of  Crevasse sand was 14 'A of  2x10? c e l l s  in the t o t a l  volume of  30 
ml <in the graph ,  the a d s o rp t io n  by sand was d i v i d e d  by 1 0 , 0 0 0 ) ,  
w h i l e  15 22 "A, and 44 V. of  the r h i z o b i a  were adsorbed by 1 mg
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FIG. 16. VERTICAL AND LATERAL MOVEMENT OF 
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FIG. 17. ADSORPTION OF R. JAPONICUM STRAIN 110
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each o-f Crowley s i l t  loam, k a o l i n i t e ,  and montmor i 1 Ion i t e , 
r e s p e c t i v e l y .  The percentage  o-f ad so rp t io n  increased in the order  
sand < s i l t  loam < k a o l i n i t e  < montmori11o n i t e . T h i s  suggested t h a t  
the a d s o rp t io n  o-f r h i z o b i a  increased w i t h  d e c re a s in g  p a r t i c l e  s i z e .  
S m a l le r  p a r t i c l e s  were r e s p o n s ib le  f o r  g r e a t e r  a d s o r p t io n .  T h is  
might be due to  the la rg e  t o t a l  su r fa c e  a rea  of  smal l  p a r t i c l e s .  
That  a l s o  might  be one reason why montmori1 I o n i t e  adsorbed more 
r h i z o b i a  than d id  k a o l i n i t e .  E a r l y  re se arch  was a ls o  concerned w i t h  
t h i s  prob lem. Z vyag in tsev  (1 9 6 2 )  i n d ic a t e d  t h a t  s o r p t i v e  i n t e r a c t i o n  
between b a c t e r i a  and s o l i d  c o n s t i t u e n t s  of  s o i l  depended on the 
r e l a t i v e  s i z e  o f  b a c t e r i a  and the s o i l  p a r t i c l e s  in v o lv e d .  Sm al le r  
p a r t i c l e s  have a l a r g e r  exposed s u r fa c e  a rea  on which microorganisms  
may be d i s t r i b u t e d  ( Z v y a g i n t s e v ,  1962;  Gray ejt a l_ . , 1968;  M a r s h a l l ,  
1 9 7 1 ) ,  These s m a l le r  p a r t i c l e s  a ls o  have a h ig h e r  c a t i o n  exchange 
c a p a c i t y ;  many k in ds  of c a t io n s  in the s o i l  envi ronment can be 
adsorbed on the p a r t i c l e s ,  th e r e b y ,  a t t r a c t i n g  the r h i z o b i a  by 
e l e c t r o s t a t i c  f o r c e s .  In  a d d i t i o n ,  d i f f e r e n t  types  of  h o l d f a s t  
m a t e r i a l s ,  such as p o ly s a c c h a r id e s  on the s u r fa c e  o f  b a c t e r i a  cause 
permanent bonding of  r h i z o b i a  to  the p a r t i c l e s  ( Z o b e l l ,  1943;  
Fehrmann, 1 9 7 8 ) .
The ad sorp t io n  was not  c o m p le te ly  p r o p o r t io n a l  to  the su r fa ce  
area  o f  the adsorbents in these s t u d i e s ,  The p e r c e n t  ad s o rp t io n  o f  
the r h i z o b i a  by montmori 1 I o n i t e  was o n ly  tw ice t h a t  of  k a o l i n i t e ,  
even though the s u r fa c e  a rea  o f  montmor i11 o n i t e  is  30 -4 0  t imes  t h a t  
of the k a o l i n i t e .  T h i s  is  because th e re  are th ree  types of 
a d s o r p t io n  p res en t  in s o i l s ,  a d s o r p t io n  o f  b a c t e r i a  on the l a r g e  
s o i l  p a r t i c l e s ,  ad so rp t io n  among b a c t e r i a  and s o i l  c o l l o i d s  of
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approx imatel  y the same d ia m e t e r ,  and the a d s o rp t io n  of small  s o i l  
p a r t i c l e s  on the r h i z o b i a  ( 2 v y a g i n t s e v , 1 9 6 2 ) .  In the s o i l
e n v ironm ent ,  the l a r g e s t  p a r t i c l e  of  c l a y  is  about  2  um in d iameter  
( H i l l e l ,  1 9 8 2 ) ,  w h i l e  the s i z e  of  r h i z o b i a  is about  0 , 5 - 0 . 9  um by 
1 . 2 - 3 . 0  um ( A l l e n ,  1 9 3 8 ) .  Since montmori11 o n i t e  i s  a f i n e  c l a y  have 
an e f f e c t i v e  d iam eter  of  0 .01 to  1 um (Bohn e£  a l_ . , 1 9 7 9 ) ,  some 
m ontmor i11 o n i t e  p a r t i c l e s  are s m a l l e r  than r h i z o b i a .  In  the case of  
K a o l i n t e ,  the mechanism of  the a d s o r p t io n  might in v o lve  r h i z o b i a  on 
l a r g e r  s o i l  p a r t i c l e s ,  w h i l e  f o r  montmor i 1 1 o n i t e , the ad so rp t io n  
might be small  c l a y  p a r t i c l e s  on the b a c t e r i a .  In t h i s  s i t u a t i o n  
many smal l p a r t i c l e s  could surround one r h i z o b i a l  c e l l .  T h e r e f o r e ,  
the a d s o r p t io n  of r h i z o b i a  by montmor i1 Ion I t e  would not  as g re a t  as 
i t s  l a rg e  s u r fa c e  area  m ig ht  suggested.
The s m a l l e r  p a r t i c l e s  w i t h  t h e i r  l a r g e r  t o t a l  su r fa ce  area are  
pro b ab ly  r e s p o n s ib le  f o r  the g r e a t e s t  a d s o rp t io n  o f  r h i z o b i a .  T h is  
study p a r t i a l l y  e x p l a i n s  the r e s u l t s  from the p r e v io u s  exper iment on 
the v e r t i c a l  and l a t e r a l  movement in the two d i f f e r e n t  t e x t u r e d  
s o i l s .  The g r e a t e r  the a d s o r p t i o n ,  the le s s  the movement.  
T h e r e f o r e ,  i t  is  p o s s ib le  f o r  r h i z o b i a  to be adsorbed by smal l  
p a r t i c l e s  in f i n e r  t e x t u r e d  s o i l ,  even though w a t e r  moved c o m p le te ly  
through the s o i l  p r o f i l e .  Some r h i z o b i a  were adsorbed permanently  
and could  not  move w i t h  the w a t e r .  T h i s  might be one reason f o r  
poor n o d u la t io n  o f t e n  encountered in f i e l d  s i t u a t i o n s .  Many 
r h i z o b i a  might  be adsorbed im media te ly  by s o i l  p a r t i c l e s  as they  
e n t e r  the s o i l  or as they move downward a few cm in the s o i l .
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B. A d s orp t io n  of  R. japonicum by D i f f e r e n t  C la y  C o n c e n t r a t i o n s .
A d so rp t io n  of r h i z o b i a  is  a f f e c t e d  by the c l a y  c o n te n t  of  s o i l .  
A d s o rp t io n  of  r h i z o b i a  by d i f f e r e n t  c l a y  c o n c e n t r a t io n s  is  shown in 
F i g .  18. When r h i z o b i a l  suspensions w i t h  1 .5x1 0 9  c e l l s  in 30 ml of  
t o t a l  volume were used,  22%, 57'/., 85 '/., 91%, and 99V. of  the r h i z o b i a  
were adsorbed by 1,  10, 5 0 ,  100,  and 1000 mg of  k a o l i n i t e ,
r e s p e c t i v e l y .  In the case of  montmori11oni t e , 1 , 10 ,  50 ,  100,  and 
1 ,000 mg o f  each c l a y  sample could  adsorb 44%, 72 '/., 85%, 98%, and 
99.9% of  the r h i z o b i a .  These r e s u l t s  demonstrated  t h a t  a d so rp t io n  
of r h i z o b i a  in creased w i t h  i n c r e a s i n g  c l a y  c o n c e n t r a t io n s  f o r  both 
t ypes  of c l a y s .  I t  a ls o  suggested t h a t  the a d s o r p t iv e  c a p a c i t y  of  
c l a y  f o r  r h i z o b i a  was very  l a r g e .  However,  ad s o rp t io n  d id  not  
increase  in the same r a t i o  as the c l a y  in c re ase d .  T h i s  might  be due 
t o  the incomplete exposure of  c l a y  to  the r h i z o b i a ,  or a 
i n s u f f i c i e n t  number of  r h i z o b i a  in the medium which could  be 
adsorbed by l a r g e  amounts of  c l a y s ,
R e s u l t s  from t h i s  study supported  the p r e v io u s  co n c lu s io n  t h a t  
t h e  movement o f  r h i z o b i a  d e c r e a s e d  w i t h  i n c r e a s i n g  c l a y  
c o n c e n t r a t i o n .  T h i s  was because smal l amounts o f  c l a y  adsorbed  
l a r g e  numbers of  r h i z o b i a .  These r e s u l t s  cou ld  a l s o  be used to 
e v a lu a t e  f i e l d  s i t u a t i o n s  where r h i z o b i a  are  i n o c u la t e d  i n t o  a s o i l .  
The r h i z o b i a  could be adsorbed t i g h t l y  by the c l a y  and even though 
w a te r  passes through the s o i l ,  t h i s  ad so rp t io n  co u ld  p r e v e n t  the  
r h i z o b i a  from re a c h in g  the growing p l a n t  r o o t s ,  r e s u l t i n g  in poor  







FIG. 18. ADSORPTION OF R. JAPONICUM STRAIN 110 
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C. A dsorp t ion  of  D i f f e r e n t  R. japonicum C o n c e n t r a t io n s  by 
Cl a y s .
Adsorp t ion  is a ls o  a f f e c t e d  by r h i z o b i a l  c o n c e n t r a t i o n  in the 
medium. A d sorp t io n  o-f r h i z o b i a  by k a o l i n i t e  us ing  di - f - ferent
r h i z o b i a l  c o n c e n t r a t i o n s  is  shown in T a b le  11.  The number of
r h i z o b i a  adsorbed was 3 . 7 x 1 0 ?, 9 . 5 x 1 0 ? ,  3 ,4x1 0 ® ,  and 2.0x10® where  
5 . 5 x 1 0 ? ,  4 .3x10 ® ,  2 .4 x 1 0 ? ,  3 .7x10? c e l l s  of  r h i z o b i a l  suspensions  
were used in a t o t a l  volume of  30 m l ,  r e s p e c t i v e l y  < F i g .  1 9 ) .  The 
lowest  number of r h i z o b i a  adsorbed by c l a y  was o b ta in e d  by adding  
5 .6 x10 ?  c e l l s  and the h ig h e s t  a d so rp t io n  was o b ta in ed  by adding  
2 .4 x 1 0 ?  c e l l s ,  T h i s  suggested t h a t  the number of  adsorbed r h i z o b i a  
increased w i t h  in c r e a s in g  r h i z o b i a l  c o n c e n t r a t i o n .
A s i g n i f i c a n t  p o in t  to  be noted however was t h a t  percent
a d s o rp t io n  decreased as the r h i z o b i a l  c o n c e n t r a t i o n  was in c reas e d .  
The c a l c u l a t e d  perc en t  ad so rp t io n  was 67'/., 2 2 /., 14/ . ,  and 57! by us ing  
5 . 5 x 1 0 ? ,  4 .3 x 10 ® ,  2 . 4 x 1 0 ? ,  and 3 .7x10?  c e l l s ,  r e s p e c t i v e l y  ( F i g .  
2 0 ) .  T h i s  was thought to be due to  the f a c t  t h a t  c l a y  has a very  
l a r g e  a d s o r p t iv e  c a p a c i t y  toward the r h i z o b i a ,  as p r e v io u s  s t u d i e s  
i n d i c a t e d .  I f  the number of  r h i z o b i a  in the suspension was low
compared to the maximum number which could  be adsorbed by c l a y ,  then
a r e l a t i v e l y  high percent  a d s o rp t io n  was o b t a i n e d .  I f  the number 
of r h i z o b i a  in the medium was h ig h e r  than the maximum number of
r h i z o b i a  which could  be adsorbed by the c l a y ,  then a lower pe rce n t  
ad s o rp t io n  was o b t a in e d .
As e a r l i e r  research  i n d i c a t e d ,  l a r g e  numbers of  s o i l  r h i z o b i a  
are r e q u i r e d  f o r  successful  sy m b io t ic  a s s o c i a t i o n s .  Reports  have 
in d ic a t e d  t h a t  high inoculum p o p u l a t i o n s  might  r e s u l t  in b e t t e r
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T ab le  11.  A d sorp t ion  of  R. japonicum by k a o l i n i t e  using  
d i f f e r e n t  r h i z o b i a l  c o n c e n t r a t i o n s .
Treatment
No.  of R. japon
l e f t  
in su p ern a tan t
i cum/ml
adsorbed
by c l a y
Adsorp t  i on 
V.
Contro l<no cl ay) 5 .58x1 07
+lmg K a o l i n . 1 . 8 6 x 1 0 ? 3 . 7 2 x l 0 7 67
C o n t r o K n o  c l a y ) 4.3-0 x 1 0  ®
+lmg K a o l i n . 3.35x10® 9 .50x10? 2 2
C o n t r o K n o  c l a y ) 2 .4 2x1 0?
+lmg K a o l i n . 2 .08 x1 0? 3.40x10® 14
C o n t r o l ( n o  cl ay) 3 .76x 1 0?
+ lmg K ao l i  n . 3 .56x 1 0? 2 . 0 0 x 1 0 ® 5
No. of  r h i z o b i a  
o b serva t  i o n s .
is  the mean of  th ree r e p l i  ca t  ions and two
The pH va lu e  of the s o l u t i o n  was 7 .0 •
FIG. 19. NUMBER OF R. JAPONICUM STRAIN 110 
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FIG. 20. ADSORPTION OF R. JAPONICUM STRAIN 110
BY KAOLINITE IN DIFFERENT RHIZOBIAL 
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c o m p e t i t io n  -for the nodule s i t e s  where the s o i l  p o p u la t io n  of  n a t i v e  
r h i z o b i a  was low (H ick  and Ham, 1 9 7 5 ) .  Nodule f o rm a t io n  of  soybeans 
p la n t e d  in R. japonicum- f r e e  s o i l  was d i r e c t l y  r e l a t e d  to  the number 
of r h i z o b i a  a p p l i e d  per seed.  I f  103 r h i z o b i a l  c e l l s  per  seed were 
p r o v id e d ,  nodule fo rm at io n  o c c u r re d .  However, abundant n o d u la t io n  
was produced by a p p ly in g  1 0 ^ -  1 0 ^ c e l l s  per  seed (bJeaver and
F r e d e r i c k ,  1974a&b; Nelson e i  a j_ . , 1978; and H i l t b o l t  e_t a l_ . , 1980)  
They r e p o r t e d  good nodule f o rm a t io n  a t  the h ig h e r  inoculum 
p o p u l a t i o n s .  The pre sen t  s tudy supported t h i s  p o i n t  and 
demonstrated an im portan t  process  in s o i l s ;  l a r g e  numbers and high  
percentage  of  r h i z o b i a  were adsorbed by s o i l  p a r t i c l e s  when low 
p o p u la t io n s  of  inoculum were used.  F u r th e rm o re ,  i t  proposed t h a t  a 
high p o p u la t io n  of  r h i z o b i a  needs to be in t ro d u ced  in t o  the s o i l  in 
o rd er  to t r a n s p o r t  enough v i a b l e  r h i z o b i a  to the r o o t  s u r f a c e s .
D . A ds orp t io n  of  R. japonicum by C lays  S a t u r a t e d  w i t h  D i f f e r e n t  
Catj_ons.
A ds orp t io n  of  r h i z o b i a  is  r e l a t e d  to the s u r f a c e  charge of s o i l  
p a r t i c l e s .  T h i s  a d s o rp t io n  is  a f f e c t e d  by the c a t i o n s  adsorbed on 
the s o i l  p a r t i c l e s .  A d so rp t io n  o f  R. japonicum s t r a i n  110 by two 
c l a y s  s a t u r a t e d  w i t h  sev era l  d i f f e r e n t  c a t i o n s  is  shown in T a b l e s  12 
and 13.
T ab le  12 shows the a d s o rp t io n  of  R. japonicum s t r a i n  110 by 
montmor i1 I o n i t e  s a t u r a t e d  w i t h  d i f f e r e n t  c a t i o n s .  The in c re a s in g  
s e r i e s  of  the ad so rp t io n  was K+, < Na+ , < NH4+ , < u n t r e a t e d  c l a y ,  < 
A l + 3 , < Mg+ 2 , < Ca+ 2 , < Fe+ 3 . The lowest  ad so rp t io n  was o b ta in e d  by 
the c l a y  s a t u r a t e d  w i t h  monovalent  c a t i o n s ,  next  was the u n t re a t e d
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Tab le  12.  Adsorp t ion  o-f R. .iapon i cum by montmor i 11 on i te ( lmg)  
s a t u r a t e d  w i t h  d i - f - ferent  c a t i o n s
Trea tm en t
No.  o-f R. jaoonicum/ml  
le - f t  in the s u p ern a ta n t
Adsorpt  i on 
Y.
C o n t r o K n o  c l a y ) 1 .53x 1 0 8  a 0
Mont -  K+ 1 .24x1 08  b 19
Mont -  NH^+ 9 .5x10?  c 38
Mont -  Na+ 9 .5x10?  c 39
Mont ( u n t r e a t e d ) 8 .5 x10 ?  d 44
Mont -  A1 4 .1x10 ?  e 73
Mont -  Mg+2 4 .0x10 ?  e 74
Mont -  Ca+? 3 .5x10 ?  i 77
Mont -  Fe+3 2 . 6 x 1 0 ? g 83
No. o-f r h i z o b i a  is  the mean o-f th re e  r e p l i c a t i o n s  
and two o b s e r v a t i o n s .
Means w i t h  the same l e t t e r  are not  si gn i-f i c a n t l  y di- f -ferent  
a t  the 5V, l e v e l  o-f p r o b a b i l i t y  ac cord in g  to  Duncan's M u l t i p l e  
Range T e s t .
The pH value o-f the s o l u t i o n  was 7 . 0 .
9 3
c l a y  c o n t r o l ,  - fol lowed by the c l a y  s a t u r a t e d  w i t h  Al + 3 and the 
d i v a l e n t  c a t i o n s ,  and - f i n a l l y ,  the h ig h e s t  a d s o r p t io n  was by 
F e + 3 - s a t u r a t e d -  c l a y .  S i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  among th ree  
types  of  c a t i o n s .  There was an in crease  in a ds o rp t io n  o f  r h i z o b i a  
to  the s o i l  p a r t i c l e s  as the va le ncy  of  the s a t u r a t i n g  c a t i o n s  was 
in creased from the mono-,  to the di  —, and to the t r i v a l e n t ,  except  
t h a t  a d s o rp t io n  by A l +3 - s a t u r a t e d - c l  ay was lower than these  
s a t u r a t e d  w i t h  d i v a l e n t  c a t i o n s .  The perc en t  a d s o rp t io n  by the  
m ono-va len t  c a t i o n s  was lower than u n t r e a t e d  c l a y .  Pee le  <1936)  
a ls o  noted  t h i s  w i t h  A z o to b a c te r  in a s i l t  loam.
Both r h i z o b i a  and s o i l  p a r t i c l e s  have n e g a t iv e  charges on t h e i r  
su r f a c e s  a t  s o i l  pH v a lu e s  of  7 (Kr  i shnamurt i et, jH_. , 1 9 5 1 ) .
Accord ing  to the th eo ry  of  “c a t io n  b r i d g i n g " ,  d i v a l e n t  c a t io n s  use 
one p o s i t i v e l y  charged s i t e  to  bind  to s o i l  p a r t i c l e s  and anoth er to  
bind  to r h i z o b i a .  T r i v a l e n t  c a t i o n s  have two e x t r a  p o s i t i v e l y  
charged s i t e s  to bind to e i t h e r  r h i z o b i a  or c l a y  p a r t i c l e s .  
T h e r e f o r e ,  the a d so rp t io n  by t r i v a l e n t  ca t  i o n - s a t u r a t e d - c  1 ay should  
be h ig h e r  than by d i v a l e n t  c a t i o n - s a t u r a t e d - c l  a y . Monovalent  
c a t i o n s  do not  have p o s i t i v e l y  charged s i t e s  to combine w i t h  the 
r h i z o b i a  a f t e r  they  bind to the s o i l  p a r t i c l e s .  A ls o ,  the  
monovalent  c a t i o n s  block  ad so rp t ion  s i t e s  on the c l a y  p a r t i c l e s  
a f t e r  they  b in d  to  the p a r t i c l e s ,  so low a d s o rp t io n  was o b ta in e d  by 
the c l a y  s a t u r a t e d  w i t h  monovalent  c a t i o n s .  T h i s  mechanism would  
e x p l a i n  why the a d s o rp t io n  by c l a y s  was increase d  as the va le n cy  o f  
s a t u r a t e d  c a t i o n s  went from the mono- to  the d i -  to  the t r i v a l e n t  
s t a t e .
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Tab le  13 shows the ad sorp t ion  o-f R. japon i cum s t r a i n  110 by 
k a o l i n i t e  s a t u r a t e d  w i t h  the same c a t i o n s .  The in c reas in g  s e r i e s  o-f 
a d so rp t io n  was u n t r e a t e d  c l a y ,  < Na+ t < NH^+ , < «+ , < A l + 3 , < Mg4 2 ,
< Ca4 2  , < pe 4 3  . Adsorp t ion o-f r h i z o b i a  by c la y  s a t u r a t e d  w i th  
m o n o - v a 1 e n t  c a t  i ons was aga in l e s s  th an  the  d i v a l e n t  
c a t i o n - s a t u r a t e d - c l a y s ,  w h i l e  the ad sorp t ion  by Ca42-  s a t u r a t e d - c l a y  
was almost  the same as by Fe+3 - s a t u r a t e d ~ c 1 a y .  S t a t i s t i c a l l y  
s i g n i - f i c a n t  di-f-ferences were present  among the mono-valent  and the 
d i v a l e n t  c a t io n s  but not between the Ca4 2  and the Fe4 3  c a t io n s .  
T h is  was i n t e r p r e t e d  as an increase in adsorp t io n  o-f R. japon icum on 
the s o i l  p a r t i c l e s  due to the va lency  o-f the s a t u r a t i n g  c a t io n  when 
they were increased -from the mono- to both the d i -  and the t r i v a l e n t  
Fe4 3  but not A l 4 3 . S i m i l a r l y ,  the ad sorp t ion  by A1+3 - s a t u r a t e d -  
c l a y  was lower than by d i v a l e n t  c a t i o n - s a t u r a t e d  c l a y .
According to the mechanism o-f " c a t io n  b r i d g i n g " ,  the adsorpt ion  
should increase -from mono-, to d i - ,  and to  the t r i v a l e n t  s t a t e .  
However, di- f- ferent  types o-f b a c t e r i a  vary  in t h e i r  a b i l i t y  to be 
adsorbed on di- f -ferent  s o i l s  (Dianowa et. a l_ . , 1 9 25 ) ,  c la y s  ( S t o t z k y ,  
1968; Gunnison, 1937) and ion exchange r e s i n s  (Z v y a g in t s e v ,  1962) .  
In the k a o l i n i t i c  c l a y ,  the order  o f  adsorp t ion  by c la y  w i t h  the 
mono-valent  c a t i o n s  increased from Na4  to  NH4 4 to K+ . The 
percentage o f  ad sorp t ion  by the c l a y  s a t u r a t e d  w i t h  A l 4 3  was not 
s i g n i f i c a n t l y  d i f f e r e n t  from the c l a y  s a t u r a t e d  w i th  K+ . Adsorpt ion  
by C a + 2 - s a t u r a t e d - k a o 1 i n i t e  w a s  h i g h e r  t h a n  by  
Mg+ 2 - s a t u r a t e d - k a o l i n i t e . The h ig hest  adsorp t io n  of r h i z o b i a  was by 
the t r i v a l e n t  Fe4 3  , which c o n t r a d i c t s  P e e l e ' s  data f o r  Azotobacter
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T ab le  i 3 .  A dsorp t ion  o-f R. .1 aoonicum by k a o l i n i t e  ( lmg)  
s a t u r a t e d  w i t h  d i f f e r e n t  c a t i o n s  .
Trea tm en t No. of R. japonicum/ml  
l e f t  in the superna tant
Adsorpt  i on 
X
C o n t r o l ( n o  cl ay) 4 . 3 0 x 1 0 8  a 0
Kaol i  n i te 3 . 3 5 x l 0 8  b 2 2
Na+ 2 .9 3 x 1 0 s c 32
n h 4+ 2 .9 4 x 1 0 s c 32
K+ 2 .6 1 x 1 0 s d 39
A l + 3 2 . 6 7 x 1 0 s d 38
Mg+ 2 2 .1 8 x 1 0 s e 49
Ca4 2 1 .9 0 x 1 0 s f 56
Fe + 3 1 .8 5 x 1 0 s f 57
No. of r h i z o b i a  is the mean of  th ree  r e p l i c a t i o n s  and two 
o bservat  i ons .
Means w i t h  the same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  
a t  the 5"/. l e v e l  of p r o b a b i l i t y  accord in g  to Duncan's M u l t i p l e  
Range T e s t .
The pH va lu e  of the s o l u t i o n  was 7 . 0 .
96
adsorbed on a s i l t  loam. H is  in c r e a s in g  order  o f  a d so rp t io n  Mas 
Na+, < NH4+ ,  < K+ , < Mg+ 2 , < Ca+ 2 , < Fe+ 3 , < A l + 3 .
Beveridge  and Murray<1976> observed t h a t  t h e r e  was a small  
i n t e r a c t i o n  between Al and the n e g a t i v e l y  charged slow growing  
r h i z o b i a .  T h i s  was s i m i l a r  to  the d a ta  o b ta in e d  -for Bac i H u s  
s u b t i  1 i s . in which Al d id  not  adsorb w e l l  to  t h i s  G ra m -p o s i t iv e  
b a c t e r iu m .  Aluminum would be u n l i k e l y  to  in te r - fe r e  w i t h  
slow -gro w ers  in nodule -formation by a d s o rp t io n  to the r h i z o b i a l  
sur-face <Bushby, 1982)  . On the o t h e r  hand,  i t  may be e a s i e r  -for Al 
to c l u s t e r  the n e g a t i v e l y  charged s o i l  p a r t i c l e s  to  reduce the  
sur-face a rea  exposed to the r h i z o b i a .
F i g ,  21 show the comparisons between the a d so rp t io n  of  r h i z o b i a  
by these two c l a y s .  The a d s o rp t io n  increase d  s i g n i f i c a n t l y  w i t h  the  
va len cy  s t a t e  of the s a t u r a t i n g  c a t i o n s  in both c l a y s ,  a l though  
percentage  of  ad so rp t io n  by A l - s a t u r a t e d - c l a y  was lower than the 
those s a t u r a t e d  w i t h  d i v a l e n t  c a t i o n s .  There were no s i g n i f i c a n t  
d i f f e r e n c e s  in ad s o rp t io n  of  r h i z o b i a  between the Ca+2 ancj Fe+3-  
s a t u r a t e d - k a o l i n i t e . D i f f e r e n c e s  were p r e s e n t ,  however, in the  
a d s o r p t io n s  by the th ree  types of  c a t i o n s  used to  s a t u r a t e  the 
montmor i11 o n i t e . The a d so rp t io n  o f  the r h i z o b i a  by montmori11 o n i t e  
s a t u r a t e d  w i t h  monovalent  c a t i o n s  was lower than by the u n t r e a t e d  
c l a y  c o n t r o l .
These r e s u l t s  can be a p p l i e d  to  f i e l d  s i t u a t i o n s .  When s o i l s  
are amended w i t h  f e r t i l i z e r  or l i m e ,  many k in d s  of  n u t r i e n t  c a t i o n s  
are adsorbed,  or r e p l a c e  ions on the s o i l  p a r t i c l e s .  T h i s  could  
cause e i t h e r  an increase or decrease in a d s o rp t io n  of  r h i z o b i a  
depending on c a t i o n s  adsorbed.  T h e r e f o r e ,  i t  should be kept  in mind
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t h a t  ad so rp t io n  o-f r h i z o b i a  may be changed when they are in t roduced  
i n t o  r e c e n t l y  - f e r t i l i z e d  or l imed s o i l s .
E. A ds o rp t ion  of R. .japonicum S t r a i n  110 by D i f f e r e n t  Oroanic  
Compounds.
The ad so rp t io n  o-f r h i z o b i a  v a r i e d  w i t h  di -f - ferent  organ ic  
compounds s e l e c t e d  to model v a r io u s  - f r a c t io n s  o-f the s o i l  organic  
m a t t e r  <Table 1 4 ) .  Calcium p h y t a t e ,  r i c e  s t r a w ,  corn s t a r c h ,  and 
humic a c id  were p laced  in to  r h i z o b i a l  suspensions .  The a d s o rp t io n  
va lue  of  r h i z o b i a  was 38X, 35X,  15’/ ,  and 7 .5 '/. by calcium p h y t a t e ,
corn s t a r c h ,  r i c e  s t r a w ,  and humic a c i d ,  r e s p e c t i v e l y .
D i f f e r e n t  b a c t e r i a  va ry  in t h e i r  a b i l i t y  to be adsorbed by 
d i f f e r e n t  o rg an ic  compounds. T h i s  m ight  depend on the v a r io u s  
chemical and p h y s ic a l  p r o p e r t i e s  of  those orga n ic  f r a c t i o n s .  Some
o rg an ic  components in the r o o t  exudates are a ls o  r e s p o n s ib le  f o r  
a d s o r p t i o n .  The organic  m a t t e r  content  may be r e l a t e d  to  the
a d s o rp t io n  of  the b a c t e r i a  through i t s  i n f lu e n c e  on s o i l  CECj the  
h ig h e r  the pe rce n t  organ ic  m a t t e r ,  the h ig h e r  is  the CEC in s o i l s .
These r e s u l t s  were i n t e r p r e t e d  to  in d i c a t e  t h a t  the r h i z o b i a  
may be adsorbed by many d i f f e r e n t  k in d s  of  o rgan ic  compounds in the  
s o i l .  Under f i e l d  c o n d i t i o n s ,  the r h i z o b i a  may be adsorbed not  on ly  
by m in e r a l  s o i l  p a r t i c l e s ,  but  a ls o  by org an ic  f r a c t i o n s  when
r h i z o b i a  are in t roduced  i n t o  the s o i l .
T a b le  14. Adsorp t ion  o-f R. japon icum s t r a i n  110 by -four 
o rgan ic  compounds r e p r e s e n t a t i v e  o-f - f r a c t io n s  
o-f the s o i l  o rg a n ic  m a t t e r .
Treatment
N o . o-f 
R. japonicum/ml  
l e - f t  in the 
supernatan t
Adsorpt  ion 
- V.
Contro l 1.99x109  a
Humic a c id 1 .8 4x1 09  ab 7 . 5
Rice s t raw 1 . 6 9 x 1 0 *  b 15.1
Corn s t a rc h 1 . 3 0 x 1 0 *  c 3 4 .7
Calcium ph yta te 1 .2 4 x 1 0 *  c 3 7 .7
Means w i t h  same l e t t e r  are not  s ign i- f  i c a n t l y  di - f -ferent  
a t  the 5V. l e v e l  o-f p r o b a b i l i t y  ac co rd in g  to Duncan's M u l t i p l e  
Range T e s t .
Stf-WARY AND CONCLUSIONS
A dsorpt io n  and movement o-f R. japonicum in s o i l s  was 
i n v e s t i g a t e d  under l a b o r a t o r y  c o n d i t i o n s .  Experiments on v e r t i c a l  
movement of  R. japonicum s t r a i n  110 and in f lu e n c e  o f  p e r c o l a t i n g  
w a te r  were conducted w i t h  Crevasse sand and Crowley s i l t  loam s o i l .  
R h iz o b ia  were in o c u la t e d  onto the s o i l  s u r f a c e  in p l a s t i c  columns,  
and w ater  was then added to b r i n g  the s o i l  to  f i e l d  c a p a c i t y .  In  a 
second e xp er im e nt ,  w a ter  was added b e fo re  i n o c u l a t i o n .  R h iz o b ia  
were found in a l l  s e c t io n s  throughout the s o i l  p r o f i l e  in the f i r s t  
e x p e r im e n t ,  w h i l e  they  were p rese n t  o n ly  in the f i r s t  4cm s e c t io n  in 
the second,  which in d i c a t e d  t h a t  r h i z o b i a  moved v e r t i c a l l y  w i t h  
p e r c o l a t i n g  w a te r  w h i l e  they m ig r a t e d  l i t t l e  in absence of  i t .
When the r h i z o b i a  moved w i t h  the w a t e r ,  s o i l  t e x t u r e  a f f e c t e d  
the movement. Movement decreased w i t h  d ec reas in g  p a r t i c l e  s i z e .  
The number of r h i z o b i a  p resent  in each s e c t io n  of  sand was q u i t e  
un iform  and d id  not  decrease w i t h  s o i l  depth ,  Numbers o f  r h i z o b i a  
decreased w i t h  depth in the s i l t  loam. R h iz o b ia  moved more r e a d i l y  
in sand than in s i l t  loam.
Clay  conten t  a ls o  a f f e c t e d  the movement. In  the c la y - s a n d  
m i x t u r e s ,  i t  was found t h a t  r h i z o b i a  were p r e s e n t  through the 2 0  cm 
of s o i l  p r o f i l e  w i t h  0 V. c l a y .  The r h i z o b i a  decreased s i g n i f i c a n t l y  
w i t h  depth in the column w i t h  4 V. c l a y ,  and they d id  not  move to the 
l a s t  4 cm in the s o i l  m ix t u r e  c o n t a in i n g  8  V. c l a y .  The r h i z o b i a  
were not  c a r r i e d  to the l a s t  8  cm when 1 0  '/, c l a y  was added to  the 
s o i l  and they  d id  not  move from the f i r s t  4 cm in the 12 V, c l a y
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m i x t u r e .  These r e s u l t s  demonstrated t h a t  movement o-f r h i z o b i a  
decreased as c l a y  c o n te n t  in c reas e d .
The movement o f  R. japonicum w i t h  emerging soybean r o o t s  was 
i n v e s t i g a t e d  by p l a t i n g  and e l e c t r o n  microscopy .  In o c u l a t e d  soybean 
seeds were p la n t e d  in columns of  s i l t  loam and w ater  added to b r in g  
the columns to f i e l d  c a p a c i t y .  In  a second exp e r im e n t ,  w a ter  was 
added j u s t  b e fo re  p l a n t i n g .  When the r o o t s  were 12 cm long,  
r h i z o b i a  were found to  t r a v e l  w i t h  the d ev e lo p in g  r o o t s  i f  w a te r  was 
added a f t e r  p l a n t i n g .  However, they  m ig r a t e d  on ly  4 cm from the 
s o i l  su r fa ce  when the w ater  was added p r i o r  to p l a n t i n g  in o c u la te d  
seeds.  These r e s u l t s  suggested t h a t  the r h i z o b i a  moved w i th  
emerging soybean r o o t s  when p e r c o l a t i n g  w a te r  was present  but  d id  
not i f  the w ater  was present  in the s o i l  b e fo re  p l a n t i n g .  They 
f u r t h e r  i n d i c a t e d  t h a t  soybean r o o t s  could  not  c a r r y  r h i z o b i a  on 
t h e i r  deve lo p in g  t i p  in the s o i l  which was a l r e a d y  a t  f i e l d  
c a p a c i t y .  Water  movement enhanced the m i g r a t i o n  of  r h i z o b i a  w i th  
r o o t s .
L a t e r a l  movement of  r h i z o b i a  was examined in sand and s i l t  loam 
as w a te r  moved away from the p o in t  of  i n o c u l a t i o n .  The l a t e r a l  
movement of r h i z o b i a  f o l l o w e d  the w a te r  f l o w  p a t t e r n ,  and the major  
t r a n s p o r t a t i o n  of  r h i z o b i a  in a h o r i z o n t a l  d i r e c t i o n  was brought  
about by w a t e r .
When the r h i z o b i a  moved l a t e r a l l y  w i t h  w a te r  , the movement was 
a ls o  a f f e c t e d  by s o i l  t e x t u r e .  In  sand,  the number o f  r h i z o b i a  were 
found to  be r e l a t i v e l y  un iform  in each a r e a ,  w h i l e  the r h i z o b i a l  
number d e c l in e d  s i g n i f i c a n t l y  w i t h  i n c r e a s in g  l a t e r a l  d is ta n c e  in 
the s i l t  loam. These r e s u l t s  demonstrated t h a t  the movement was
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g r e a t e r  in the coarse t e x t u r e d  sand and less  in the - f iner  t e x t u r e d  
s i l t  1 oam.
V e r t i c a l  and l a t e r a l  r h i z o b i a l  decreases  w i t h  d is ta n c e  in s i l t  
loam were n o ted .  R h izo b ia l  decrease  in the 3 cm l a t e r a l  d i r e c t i o n  
was g r e a t e r  than the decrease in the 4 cm v e r t i c a l  movement. I t  was 
i n t e r p r e t e d  to  i n d i c a t e  t h a t  the v e r t i c a l  movement was g r e a t e r  than 
l a t e r a l  movement.
R e s u l t s  -from the movement s t u d i e s  can be used to  p o s t u l a t e  t h a t  
r h i z o b i a  would not  move w i t h  the  ro o t  i f  th e r e  was no r a i n  or l i t t l e
w a te r  i n f i l t r a t i o n  in a f i e l d  s o i l  a f t e r  i n o c u l a t i o n .
A ds o rp t ion  o f  r h i z o b i a  by s o i l  p a r t i c l e s  was cons id ered  as one 
mechanism r e s p o n s ib le  f o r  lack  of  movement. S o i l  t e x t u r e  a f f e c t e d  
the a d s o r p t i o n .  The percent  a d s o rp t io n  in creased in the order  sand 
< s i l t  loam < k a o l i n i t e  < montmori1 I o n i t e . These d a ta  suggested  
t h a t  the a d s o rp t io n  increased w i t h  dec reas ing  p a r t i c l e  s i z e .
Sm a l le r  p a r t i c l e s  were r e s p o n s ib le  f o r  g r e a t e r  a d s o r p t i o n ,  thus less  
movement. The r e s u l t s f u r t h e r  suppor ted the th e o ry  t h a t  v e r t i c a l  and 
l a t e r a l  movement were g r e a t e r  in the coarse  t e x t u r e d  sand.
Clay c o n c e n t r a t io n  a ls o  in f lu e n c e  r h i z o b i a l  a d s o r p t i o n .  
A d sorpt ion  in creased w i t h  in c r e a s in g  c l a y  c o n t e n t .  The r e s u l t s  from 
t h i s  study suppor ted  the p r e v io u s  co n c lu s io n  t h a t  movement of
r h i z o b i a  decreased w i t h  in c r e a s in g  c l a y  c o n c e n t r a t i o n .
A ds o rp t ion  o f  r h i z o b i a  was in f l u e n c e d  by r h i z o b i a l  c o n c e n t r a t i o n  
in the medium. The number o f  r h i z o b i a  adsorbed increased  w i t h  
i n c r e a s in g  r h i z o b i a l  c o n c e n t r a t i o n .
Percen t  a d s o rp t io n  decreased as the r h i z o b i a l  c o n c e n t r a t io n  
in c rea se d .  The r e s u l t s  i n d i c a t e d  t h a t  percentage  a d s o rp t io n  of
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r h i z o b i a  decreased w i t h  in c r e a s in g  r h i z o b i a l  c o n c e n t r a t i o n s .  T h is  
a ls o  was thought to be due to  the -fact t h a t  c l a y  has a v e ry  la r g e  
a d s o r p t i v e  c a p a c i t y  -for the r h i z o b i a .  The p r e s e n t  study  
demonstrated t h a t  l a r g e  numbers and high percentage  o-f r h i z o b i a  were 
adsorbed by s o i l  p a r t i c l e s  when low p o p u la t io n s  o-f inoculum were 
in t ro d u ced  i n t o  the s o i l s .  In t h i s  way,  the r h i z o b i a  were p revented  
■from moving w i t h  the r o o t ,  thus d ec rea s in g  nodule - formation.  
F u r th e rm ore ,  i t  was proposed t h a t  a high p o p u la t io n  o f  r h i z o b i a  
would have to  be in t roduced  in t o  s o i l  in order  to  move enough 
v i a b l e  r h i z o b i a  to r o o t s .
A d so rp t io n  was a ls o  dependent upon the c a t i o n s  adsorbed on 
the s o i l  p a r t i c l e s .  The ad s o rp t io n  of  r h i z o b i a  by montm or i11 o n i t e  
s a t u r a t e d  w i t h  these c a t i o n s  was in the o rd er  k+ < NH4 4  < Na4  <
u n t r e a t e d  c l a y  < A l 4 3  < Mg4 2  < Ca+ 2  < Fe4-3. T h i s  suggested t h a t  the 
a d s o rp t io n  in creased w i t h  the va lence  o f  s a t u r a t e d  c a t i o n s  from the  
mono-, to the d i - ,  to  the t r i v a l e n t  Fe4 3 , but  not A l 43-. The c la y s  
s a t u r a t e d  w i t h  monovalent c a t i o n s  adsorbed l e s s  r h i z o b i a  than was 
adsorbed on u n t r e a t e d  c l a y .
S i m i l a r  a d s o r p t io n s  were found w i t h  k a o l i n i t e .  The o rd e r  was 
u n t r e a t e d  c la y  < Na 4 < NH4+ < K4  < A l 4 3  < Mg4 2  < Ca+ 2  < Fe+ 3  . 
There was an increase  in a d s o r p t io n  o f  r h i z o b i a  on the c la y  
p a r t i c l e s  as the va len c e  of  the s a t u r a t i n g  c a t i o n s  increased from  
the m ono-va len t  to both d i -  and t r i v a l e n t  Fe4 3 , but  not  A l 4 3 . No 
s i g n i f i c a n t  d i f f e r e n c e  was noted between the Ca4 2  and t r i v a l e n t  
Fe4 3 , Adsorp t ion  of r h i z o b i a  by Al + 3 - s a t u r a t e d - c 1 ays was lower than 
by the c l a y  s a t u r a t e d  w i t h  d i v a l e n t  c a t i o n s  f o r  both c l a y s .  T h is
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was i n t e r p r e t e d  to i n d i c a t e  t h a t  A l +3 - s a t u r a t e d - c 1 a y  d id  not  r e a d i l y  
adsorb r h i z o b i a .
These r e s u l t s  may e x p l a i n  r e s u l t s  which are noted in - f ie ld  
s i t u a t i o n s .  When the s o i l  was amended w i t h  - f e r t i l i z e r  or l im e ,  
di- f - fe rent  c a t i o n s  could  be adsorbed on the s o i l  p a r t i c l e s  or  r e p la c e  
some ions -from the sur-face o-f the s o i l  p a r t i c l e s .  T h is  could  e i t h e r  
increase  or decrease ad so rp t io n  o-f r h i z o b i a .  I t  should be kept  in 
mind t h a t  the ad so rp t io n  o-f r h i z o b i a  co u ld  be changed when they are  
in t ro d u ced  in t o  r e c e n t l y  - f e r t i l i z e d  s o i l s .
The r h i z o b i a  were adsorbed not  o n ly  by s o i l  m in era l  p a r t i c l e s  
but a l s o  by severa l  organ ic  compounds. When ca lc iu m  p h y t a t e ,  corn 
s t a r c h ,  r i c e  s t r a w ,  and humic a c i d  were added as a d s o rb en ts ,  the 
a d s o rp t io n  v a lu e s  were 38X,  35X, 15X, and 8'A o-f 1Q9 c e l l s ,
r e s p e c t i v e l y .  T h is  i l l u s t r a t e d  the la r g e  c a p a c i t y  o-f o rgan ic  
compounds to adsorb r h i z o b i a .  A d sorp t ion  v a r i e d  w i t h  di - f - ferent  
org an ic  - f r a c t io n s  depending on thei . r  chemical and p h ys ica l  
p r o p e r t i e s .  I t  - fu r ther  suggested t h a t  r h i z o b i a  in t roduced  in to  
o rg a n ic  matter-amended s o i l  are adsorbed not  o n ly  by s o i l  m ine ra l  
p a r t i c l e s  but  a ls o  by some org an ic  - f r a c t io n s .
In c o n c lu s io n ,  r e s u l t s  -from t h i s  s tudy  in d i c a t e d  t h a t  r h i z o b i a  
d id  not  move w i t h  emerging soybean r o o t  w i t h o u t  p e r c o l a t i n g  w a t e r .  
Both v e r t i c a l  and l a t e r a l  movement were enhanced by p e r c o l a t i n g  
w a t e r .  Small p a r t i c l e  s i z e  and high c l a y  co n ten t  were re s p o n s ib le  
f o r  decreases  in r h i z o b i a l  movement. A d s o rp t io n  o f  r h i z o b i a  by s o i l  
p a r t i c l e s  and organ ic  compounds was cons id ered  as a mechanism 
r e s p o n s i b l e  f o r  l a c k  o f  m o v e m e n t .  P a r t i c l e  s i z e ,  c l a y
105
c o n c e n t r a t i o n s ,  r h i z o b i a l  c o n c e n t r a t i o n s ,  p o s i t i v e l y  charged c a t io n s  
adsorbed on the s o i l  p a r t i c l e s ,  and d i f f e r e n t  k in ds  of  organ ic  
compounds had a major  in f lu e n c e  on the a d s o r p t i o n .  These r e s u l t s  
can be i n t e r p r e t e d  to  mean t h a t ,  in f i e l d  s i t u a t i o n s ,  the r h i z o b i a  
could  be adsorbed by s o i l  p a r t i c l e s  and o rg an ic  f r a c t i o n s .  T h is  
ad so rp t io n  co u ld  p rev en t  the r h i z o b i a  from moving w i t h  the r o o t s ,  
th u s ,  decre as ing  nodule f o r m a t io n .
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Appendix Table 1. Ana lys is  o-f var iance -for the regression of the
log o-f number o-f R. japonicum s t r a in  110 in
v e r t i c a l  movement in Crowley s i l t  loam.







23 .5 11 55112
0 .22060628
106 .58  
PR > F 








5 .4 34 3 9 205






21 3 .1 4
0 . 9 1 3 3






7 .50 23 568 3  B 
0 .0162 78 59  B 
0 .00000000  B 
- 0 .09436837
T FOR HO: 
PARAMETERS
4 2 .4 4
0. 11
«
- 1 4 . 6 0
PR > IT I
0 . 00 01
0 .9 13 3
■
0 . 00 01
STD ERROR 
OF ESTIMATE 





Appendix Table 2. Ana lys is  o-f var iance fo r  the regression of the
log of number of R. japonicum s t r a in  110 in
l a t e r a l  movement in Crowley s i l t  loam.




27 .6 4032816  
0 .736 4 610 8  
28 .3 7678924
13 .8 20 16408
0 .0 566 5 085
2 4 3 . 9 5  










SOURCE DF TYPE I SS F VALUE PR > F
REP
DEPTH
1 0 .6 8924357
1 26 .95108459
12 .17
4 7 5 .1 4
0 .0 040














T FOR HO: 
PARAMETERS
5 6 . 3 5
3 . 4 9
- 2 1 !ei










Appendix Table 3 .  Analys is  o-f var iance -for the regression o-f the
log o-f number o-f R. japonicum s t r a i n  110 in
l a t e r a l  movement in Crevasse sand.




0 .1973 90 37
0 .11210709
0 .3094 97 47
0 .098 6 951 9
0 .0 0 86 23 62
11 .4 4  
PR > F 
0 . 0 0 1 4
R-SQUARE
0.6377 77
C.V .  
1.6655
ROOT MSE 
0 .0 928 6 346
LOGY MEAN 
5 .5 75 6 6 052




0 .1 305 04 16
7 .1 6
15 .1 3
0 .0 1 5 5







5 .8 4 22 63 35  B 
-0 .12931185  B 
0 . 0 0 0 0 0 0 0 0  B 
-0 .05385251
T FOR HO: 
PARAMETERS
95.11
- 2 . 7 8
-  3 . 8 9
PR > IT I
0 . 0 0 0 1
0 .0 1 5 5








Appendix T ab le  4.  Adsorp t io n  o f  R. japon i cum s t r a i n  110 by
d i f f e r e n t  t e x t u r e d  s o i l s
S o i l
No. of  
R. japonicum/ml
Adsorp t  ion 
'A
Sand
Contro l  <no soi 1) 3 . 2 4 x l 0 9
+ Sand <10 g> 2 . 7 2 x l Q 9 16
S i l t  1oam 
Contr o l  <no soi 1 > 1.63x10®
+ S iL  <1 mg) 1 .38x10® 15
Clay
Contro l  <no soi  1) 4.30x10®
+ k a o l i n i  te  <1 mg) 3.35x10® 22
Control  (no soi 1) 1.53x10®
+Montmori1lon i  te<lMg> 8 . 5 3 x l 0 7 44
No. of r h i z o b i a  is  the mean of  th ree  r e p l i c a t i o n s  
and two o b s e r v a t io n s .
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Appendix Tab le  5, V e r t i c a l  movement of  
t e x t u re d  s o i l s
R.jaoonicum in d i f f e r e n t
Ddnth o-f s o i l  No. of  R. jaconicum/4  cm s e c t io n  of  s o i l  
<cm) Sand S i l t  loam
0 - 4 3 .4 6 x 1 0 * 8 . 8 1 x l 0 7
4 - 8 3 . 1 0 x 1 0 * 2 .9 5 x 1 0 *
8 - 1 2 2 .9 3 x 1 0 * 1 .36x 1 0*
12 -  16 2 .7 4 x 1 0 * 7 . 9 9 x l 0 5
16 -  20 2 .72x106 1 .96x105
20 -  24 2 . 6 1 x 1 0 * 8 .5 5 x 1 O4
24 -  28 2 .5 9 x 1 0 * 8 .0 8 x 1 04
28 -  32 2 .4 9 x 1 0 * 6 .6 3 x 1 O4
32 -  36 2 .4 8 x 1 0 * 3 .2 8 x 1 Q4
36 -  40 2 .4 6 x 1 0 * 1 . 0 9 x l 0 4
No. o-f r h i z o b i a  is the means o-f two r e p l i c a t i o n s  
and two o b s e rv a t io n s .
Appendix T a b le  6. Adsorp t ion  o-f R. japonicum s t r a i n  110 by
montmor i 1 lon i  te  in d i - f - ferent  c l a y  
c o n c e n t r a t i o n s .
Treatment
No.  o-f Rh i 2 o b ia /m l  
le - f t  in s u pe rn a tan t
Adsorpt  i on
Control  (no s o i 1) 6 .9 8 x1 07 a
+lgM0NT 5 .70x10^ b 9 9 . 9
Control  (no soi 1) 2 . 1 8 x l 0 7 a
+100mgMONT 5 .0 0 x 1 0 s d 9 7 . 7
+50mgMONT 3 .30x10^ c 8 4 . 9
+1OmgMONT 6 .03x 1 0^ b 7 2 .4
Contro l  (no s o i l ) 1 .53x10® a
•HmgMONT 8 . 5 2 x l 0 7 b 4 4 . 3
No. o-f r h i z o b i a  is  the mean o-f th ree  r e p l i c a t i o n s  
and two o b s e r v a t io n s .
Means w i t h  the same l e t t e r  are not  s ign i - f  i c a n t l y  
d i - f - fe r ren t  at  the 5 '/. l e v e l  o-f p r o b a b i l i t y .
Appendix T ab le  7 .  A ds o rp t ion  o-f R. japon i cum by k a o l i n i t e
in d i f f e r e n t  c l a y  c o n c e n t r a t i o n
Treatment  No. o f  R. jaoonicum/ml  
l e f t
Adsorpt  ion
V.
Contro l  (no c l a y ) 7 .02x1 08
lOg K a o l in i  te 3 .15x10? 96
5g Kaol i  n i te 2 .69x10? 96
lg  K a o l in i  te 3 .97x10? 94
Contr o l  (no c l a y ) 1.45x10?
lQOmg Kao l i  n i te 1 . 4 0 x 1 0 * 90
50mg Kao]i  nj te 1 .4 0 x 1 0 * 90
lOmg K a o l in i  te 4 . 3 0 x 1 0 * 70
Contro l  (no s o i 1) 4.30x10®
lmg K a o l in i  te 3 . 3 5 x 1 0 s 22
No. of  r h i z o b i a  is  the mean of  th re e  r e p l i c a t i o n s  
and two o b s e r v a t io n s .
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